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RELATED APPLICATIONS 

The present application is a divisional of U.S. patent application Ser. No. 09/27 4 ,51 7 filod Mar. 
23. 1999. now U.S. Pat. No. 6.311.271 10/150.722. now U.S. Pat. No. 6.602.595. filed on May 
17. 2002 entitled "Nanotechnology for Inks and Dopants" which claims the benefit of provisional 
application No. 60/1 1 1.442 filed Dec. 8. 1998 and is a divisional of U.S. patent application Ser. 
No. 09/274.517 filed on Mar. 23. 1999 entitled "MATERIALS AND PRODUCTS USING 
NANOSTRUCTURED NON-STOICHIOMETRIC SUBSTANCES" now U.S. Pat. No. 
6.344.271 which claims the eriefrt vbenefit of provisional application No. 60/107,3 1 8, filed Nov. 
6, 1998, entitled "Materials and Products Using Nanostructured Non-stoichiometric Materials," 
and Provisional application Sor. No. 60/1 10,612, filod Doc. 1, 1998, all of which are assigned to 
the assignee of the present invention and which are incorporated herein bv reference. 

The present application is also a divisional of co-pending U.S. patent application Ser. No. 
09/790.036 titled "NANOTECHNOLOGY FOR DRUG DELIVERY. CONTRAST AGENTS 
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AND BIOME DICAL IMPLANTS" fil ed on Feb. 20. 2001 which is a divisional of application 
Ser. No. 09/083.893. now U.S. Pat. No. 6.228.904 filed on Mav 22. 1998. which is incorporated 
herein by referenc e and which claims the benefit of U.S. Provisional applications 60/049.077 
filed on Jun. 9. 1997. 60/069.936 filed on Dec. 17. 1997. and 60/079.225 filed on Mar. 24. 1998. 
U.S. applicafion Ser. No. 09/083.893 now U.S. Pat . No. 6.228.904 is a continuation-in-part of 
U.S. patent application Ser. No. 08/739.257. filed Oct. 30. 1996. now U.S. Pat. No. 5.905.000. 
titled NANOSTRUCTURED ION CONDUCTING SOLID ELECTROLYTES, which is a 
continuation-in-part of U.S. Ser. No. 08/730.661. filed Oct. 1 1. 1996. now U .S. Pat. No. 
5.952.040 titled "PASSIVE ELECTRONIC COMPONE NTS FROM NANO-PRECISION 
ENGINEERED MATERIALS" which is a continuation-in-part of U.S. Ser. No. 08/706.819, 
filed Sep. 3. 1996. now U.S. Pat. No. 5.851.507 titled "INTEGRATED THERMAL PROCESS 
FOR THE CON TINUOUS SYNTHESIS OF NANOSCA LE POWDERS" and U.S. Ser. No. 
08/707.341. filed Sep. 3. 1 996. now U.S. Pat. No. 5.788.738 titled "METHOD OF PRODUCING 
NANOSCAL E POWDERS BY OUENCHING OF VAPORS". This appHcation is also a 
continuation-in-part of U.S. patent application Ser. No. 09/753.806. filed Jan. 03. 2001. now U.S. 
Pat. No. 6.513.362. titled "LOW-COST MULTILAMINATE SENSORS" which is a divisional 
of application Ser. No. 09/074.534. now U.S. Pat. No. 6.202.471 filed on Mav 7. 1998 titled 
"LOW-COST MULTILAMI NATE SENSORS". 



Claims 



What is claimed is: 
I claim: 

1 . A method of manufacturing a dispersion coaiprising: providing a m e tal containing substance; 
converting the metal - containing substance into a non stoichiomotric non equilibrium crystallino 
nanomat e rial; di s p e rsing th e nanomaterial in a ch e mical, wh e rein tho disp e rs e d nanomaterial has 
a domain size less than 500 nm. 

1. A pigme nt composi tion comprising: inorganic multimetallic nanofillers with domain size less 
than 50 nanometers: and wherein the nanofiUers exhibits transparency to a visible wavelength of 
light that differs bv more than 20% as compared with transparency to the visible waveleng th of 
light exhibited bv fillers of similar composition with fillers having a domain size of at least one 
micron. 

2. The method of claim 1 wherein tho nanomaterial compris e s a motal. 

2. A nanocomposite comprising the pigment of claim 1. 

3. Tho method of claim 1 wherein tho nanomaterial comprises an oxide. 

3. The pigment of claim 1 wherein the nanofillers comprise two or more elements selected fi-om 
the group consisting of: aluminum, bismuth, cadmium, calcium, cerium, cobalt, copper, 
europium, antimony, boron, germanium, indium, nitrogen, phosphorus, selenium, sulfur, 
tellurium, iron, lithium, lanthanum, magnesium, manganese, molybdenum, ne odvmium. nickel. 
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niobium, potassium. praseodvmium> silicon, silven sodium, strontium, tantalum, tin, titanium, 
tungsten, vanadium, ytterbium, yttrium, zinc, and zirconium. 

4. The fflethe dnanocomposite of claim +2 wherein the chomical comnrisoG wato m anofillers 
exhibit blue color . 

5. The faethe dpigment of claim 1 wherein the ch e mical comprises organic aolvon t nanofillers 
haye been surface modified . 

6. A m e thod The pij^ment of claim #1 wherein the solvent comprises an alcohol nanofiHers 
comprise oxide . 

7. The method pigment of claim 1 wherein the chemical comprises a ocroon printable 
vehiel enanofillers comprise nitride . 

8. The method nanocomposite of claim 4-2 wherein the disp e rsion comprises a past e nanofillers 
exhibit yellow color. 

9. The fflethed pjgment of claim 1 wherein the nanomaterial has a domain size less than 100 
ft mpjgment exhibits color . 

10. A method The pigment of claim 1 wherein the nanomaterial comprises of a 
deBftB^nanopowders have been reduced to a non-stoichiom etric composition . 

11. The method of claim 1 wherein the dispersion is an ink. 

1 1. An inorganic pigment comprising: nanopowders with domain size less than 100 nanometers. 
wherein the nanopowders comprise bismuth and at least on e additional element selected from a 
preferred group, wherein the preferred group consists of actinium, aluminum, antimony, arsenic^ 
barium, cadmium, calcium, cerium, cesium, cobalt, copper, dysprosium, erbium, europium. 
gadolinium, gallium, gold, hafnium, antimony, boron, germanium, indi um, nitrogen, phosphorus, 
selenium, sulfiir. tellurium, iridium, iron, lanthanum, lithium, magnesium, manganese, 
mendelevium. mercury, molybdenum, neodvmium. neptunium, nickel, niobium, osmium. 
palladium, platinum, potassium, praseodymiu m, promethium. protactinium, rhenium, rubidium. 
scandium, silver, sodi um, strontium, tantalum, terbium, thallium, thorium, tin, titanium, tungsten, 
vanadium^ ytterbium, yttrium, zinc, and zirconium: and wherein the nanofillcrs exhibits 
transparency to a visible wavelength of light that differs by more than 20% as compared with 
transparency to the visi ble wavelength of light ex hibited bv fi llers of similar composition with 
fillers having a domain size of at least one micron. 

12. A devic e manufactured n anocomposite prepared from the inlc prepared using the 
m e thod inorganic pigment of claim 1 1 . 

13. The method of claim 1 1 wh e r e in th e nanomaterial in the ink ha s a composition that 
comprises at least one element from the group: iron, cobalt, nickel, rare earth, yttrium, titanium, 
zirconium, sodium, pota ss ium, lithium, barium, magnesium, calcium, strontium, tungsten. 
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tantalum, niobium, molybd e num, zinc, copp e r, silver, gold, platinum, palladium, tin, indium, 
silicon, boron, antimony and aluminum. 

13. A layer comprising of the nanocomposite of claim 12. 

14. The methe dinorganic pigment of claim 1 1 wherein the nanomaterial in the ink has a 
composition that comoriGos at l e ast two e lem e nts selecto d nanopowders comprise two additional 
metals from the preferred group : iron> cobalt, nickol. raro oarth. yttrium, titanium, ziroonium. 

sodium, potassium, lithium, barium, magnosium, calcium, strontium, tungsten, tantahun, 
niobium, molybdenum, zinc, copper, silver, gold, platinum, palladium, tin, indium, silicon, 
boron, antimony and aluminum . 

15. The method of claim 1 1 wherein the nanomaterial in the ink has a composition that 
comprises more than two olomonts sel e cted from the group: iron, cobalt, nickel, rare earth, 
yttrium, titanium, zirconium, sodium, potassium, lithium, barium, magn e sium, calcium, 
strontium, tungsten, tantalum, niobium, molybdenum, zinc, copper, silver, gold, platinum, 
palladium, tin, indium, silicon, boron, antimony and aluminum, inorganic pigment of claim 1 1 
wherein the nanopowders comprise three or more additional metals from the preferred group. 

16. The inorganic pigment of claim 11 wherein the nanopowders comprise coated nanopowders. 

17. The inorganic pigment of claim 1 1 wherein the nanopowders have been reduced to a non- 
stoichiometric composition. 

18. An inorg anic pigment com prising: nanopowders with dom ain size l ess than 100 nanometers, 
wherein the nanopowders comprise of cobah and at least one additional element selected from a 
preferred group, wherein the preferred group consists of actinium^ aluminum, antimony, arsenic, 
barium, bismuth, cadmium, calcium, cerium, cesium , cop per, dysprosium, erbium, europium, 
gadolinium, gallium, gold, hafnium, antimony, boron, germanium, indium, nitrogen, phosphorus^ 
selenium, sulfur, tellurium, iridium, iron, lanthanum, lithium, magnesium, manganese, 
mendelevium. mercury, molybdenum, neodymium. neptunium, nickel, niobium, osmium, 
palladium, platinum, potassium, praseodymium, promethium. protactinium, rhenium, rubidium, 
scandium, silver, sodium, strontium, tantalum, terbium, thallium, thorium, tin, titanium, tungsten, 
vanadium, ytterbium^ yttrium^ zinc; and zirconium, and wherein the nanofillers exhibits 
transparency to a visible wavelength of light that differs bv more than 20% as compared with 
transparency to the visible wavelength of light exhibited bv fillers of similar composition with 
fillers having a domain size of at least one micron. 

19. A nanoco mposite prepared from the inorganic pigment of claim 18. 

20. A layer comprising the nanocomposite of claim 19. 

21. The inorganic pigment of claim 18 wherein the nanopowders comprise two additional metals 
from the preferred group. 

22. The inorganic pigment of claim 18 wherein the nanopowders comprise three or more 
additional metals from the preferred group. 
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23. The inorganic pigment of claim 16 wherein the nanooowders comprise coated nanopowders. 



24. The ino rRanic piRme nt of claim 18 wherein the nanopowders have been reduced to a non- 
stoichiometric composition. 

25. An inorganic pigment comprising: nanopowders with domain size less than 100 nanometers, 
wherein the nanopowders comprise of aluminum and at least one additional element selected 
from a preferred Rroup, wherein the preferred Rroup consists of: actinium, arsenic, antimony, 
barium, bismuth, cadmium, calcium, cerium, cesium, cobalt, copper, dysprosium, erbium, 
europium, gadolinium, gallium, gold, hafnium, antimony, boron, germanium, indium, nitrogen, 
phosphorus, selenium, sulfur, tellurium, iridium, iron, lanthanum, lithium, magnesium, 
manganese, mendeleyium^ mercury, molybdenum, neodymium. neptunium, nickel, niobium^ 
osmium, palladium, platinum, potassium, praseodymium, promethium. protactinium, rhenium. 
rubidium, s candium, silver, sodium, strontium, tantalum, terbium, thallium, thorium, tin, 
titanium, tungsten, vanadium, ytterbium, yttrium, zinc, and zirconium: and wherein the 
nanofiUers exhibits transparency to a visible wavelenRth of light that differs by more than 20% 
as compared with transparency to the visible wavelength of li^ht exhibited bv fillers of similar 
composition with fillers having a domain size of at least one micron. 

26. A nanocomposite prepared from the inorganic pigment of claim 25. 

27. A layer comprising the nanocomposite of claim 26. 

28. The inorganic pigment of claim 25 wherein the nanopowders comprise two additional metals 
from the preferred group. 

29. The in organic pigment of claim 25 wherein the nanopowders comprise three or more 
additional metals from the preferred group. 

30. The inorganic pigment of claim 25 wherein the nanopowders comprise coated nanopowders. 

31. The inorganic pigment of claim 25 wherein the nanopowders have been reduced to a non- 
stoichiometric composition. 

32. An inorganic pigment comprising: nanopowders with domain size less than 100 nanometers, 
wherein the nanopowders comprise tin and at least one additional element selected from a 
preferred group, wherein the preferred group consists of: actinium, aluminum , antimon y, arsenic, 
barium, bismuth, cadmium, calcium, cerium, cesium, cobalt, copper, dysprosium, erbium, 
europium, gadolinium, gallium, gold, hafnium, antimony, boron, germanium, indium, nitrogen, 
phosphor us, seleni um, sulfur, tellurium , iridiu m, iron, lanthanum, lithium, magnesium, 
manganese, mendelevium. mercury, molybdenum, neodvmium. neptunium, nickel, niobium, 
osmium^ palladium, platinum, potassium, praseodymium, promethium, protactinium, rhenium, 
rubidium, scandium, silver, sodium, strontium, tantalum, terbium, thallium, thorium, titanium^ 
tungsten, vanadium, ytterbium, yttrium, zinc, and zirconium, and wherein the nanofillers exhibits 
transparency to a visible wavelength of light that differs bv more than 20% as compared with 
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transparency to the visible wavelength of light exhibited bv fillers of similar composition with 
fillers having a domain size of at least one micron. 

33. A nanocomposite prepared from the inorganic pigment of claim 32. 

34. A layer comprising of the nanoconiposite of claim 33. 

35. The inorganic pigment of claim 32 wherein the nanopowders comprise two additional metals 
from the preferred group. 

36. The inorganic pigment of claim 32 wherein the nanopowders comprise three or more 
additional metals from the preferred group. 

37. The inorgan ic pigment of claim 32 w herein the nanopowders comprise coated nano powders. 

38. The inorganic pigment of claim 32 wherein the nanopowders have been reduced to a non- 
stoichiometric composition. 

39. An inorganic pigment comprising: nanopowders with domain size less than 100 nanometers. 
wherein the nanopowders comprise manganese and at least one additional clement selected from 
a preferred group, wherein the preferred group consists of: actinium, aluminum, antimony , 
arsenic, barium, bismuth, cadmium, calcium, cerium, cesium, cobalt, copper, dysprosium, 
erbium, europium, gadoliniu m, gallium, gold, hafnium, antimonv^ boron, germanium, indium. 
nitrogen, phosphoms. selenium, sulfur, tellurium, iridium, iron, lanthanum, lithium, magnesiumr 
mendelevium. mercurv. molvbdenum. neodvmium> neptunium, nickel, niobium, osmium, 
palladium, platinum, potassium, praseodymium, promethium. protactinium, rhenium, rubidium. 
scandium, silve r, sodium, strontium, tan talum, terbi um, thallium, thorium, tin, titanium, tungsten, 
vanadium, ytterbium, yttrium, zinc, and zirconium, and wherein the nanofillers exhibits 
transparency to a visible wavelength of light that differs bv more than 20% as compared with 
transparency to the visible wavelength of light exhibited bv fillers of similar composition with 
fillers having a domain size of at least one micron. 

40. A nanocomposite prepared from the inorganic pigment of claim 39. 

41. A layer comprising of the nanocomposite of claim 40. 

42. The inorganic pigment of claim 39 wherein the nanopowders comprise two additional metals 
from the preferred group. 

43. The inorganic pigment of claim 39 wherein the nanopowders comprise three or more 
additional metals from the preferred group. 

44. The inorganic pigment of claim 39 wherein the nanopowders comprise coated nanopowders. 

45. The inorganic pigment of claim 39 wherein the nanopowders have been reduced to a non- 
stoichiometric composition. 
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46. An inorganic pigment comprising: nanopowders with domain size less than 100 nanometers, 
wherein the nanopowders comprise of silicon an d at least o ne additional element selected from a 
preferred group, wherein the preferred group consists of: actinium, aluminum, antimony, arsenic. 
barium, bismuth, cadmium, calcium, cerium, cesium, cobalt, copper, dysprosium, erbium, 
europium, gadolinium^ gallium, gold, hafnium, antimony, boron, germanium, indium, nitrogen, 
phosphorus, selenium, sulfiir. tellurium, iridium, iron, lanthanum, lithium, magnesium, 
manganese, mendelevium, mercury, molybdenum, neodymium. neptunium, nickel, niobium, 
osmium, palladium, platinum, potassium, praseodymium, promethium. protactinium, rhenium, 
rubidium, scandium, silver, sodium, strontium, tantalum. tcrbium> thallium, thorium^ tin, 
titanium, tungsten, vanadium, ytterbium, yttrium, zinc, and zirconium, and wherein the 
nanofiUers exhibits transparenc y to a vis ible wavelength of light that differs bv more than 20% 
as compared with transparency to the visible wavelength of light exhibited bv fillers of similar 
composition with fillers having a domain size of at least one micron. 

47. A nanocomposite prepared from the inorganic pigment of claim 46. 

48. A layer comp rising of the nanocomposite of claim 47. 

49. The inorganic pigment of claim 46 wherein the nanopowders comprise two additional metals 
from the preferred group. 

50. The inorganic pigment of claim 46 wherein the nanopow ders comp rise three or more 
additional metals fi-om the preferred group. 

51. The inorganic pigment of claim 46 wherein the nanopowders comprise coated nanopowders. 

16. A product prepared from the dispersion of claim 1 wherein the product is selected from the 
group consisting of capacitor, varistor, inductor, resistor, piezo device, sensor and filter. 

52. The inorganic pigment of claim 46 wherein the nanopowders have been reduced to a non- 
stoichiometric composition. 

17. An electrode prepared from the dispersion of claim 1 . 

53. An inorganic pigment nanofiller comprising: nanopow ders with domain size less than 100 
nanometers, wherein the nanopowders comprise nitrogen and at least one additional element 
selected f rom a preferred group, wherein the preferred group consists of actinium, aluminum, 
antimony, arsenic, barium, bismuth, cadmium, calcium, cerium, cesium^ copper, dysprosium^ 
erbium, eu ropium, gadolinium, gallium, gold, hafnium, antimony, boron, germanium, indium, 
nitrogen, phosphorus, selenium, sulfiir. tellurium, iridium, iron, lanthanum, lithium, magnesium, 
manganese, mendelevium. mercury, molybdenum, neodvmium, neptunium, nickel, niobium, 
osmium, palladium, platinum, potassium, praseodymium, promethium . protact inium, rhenium. 
mbidium. scandium, silver, sodiu m, strontium, tantalum, terbium, thallium, thorium, tin. 
titanium, t ungsten, vanadium, ytterbium, yttrium, zinc, and zirconium. 

18. A product manufactured from the dispersion prepared using the method of claim 1. 

54. A nanocomposite prepared from the inorganic pigment of claim 53. 
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Description 



PffiL PBACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to non-stoichiometric substances and more particularly to nanostructured 
non-stoichiometric substances and products incorporating such substances. 

BACKGROUND OF THE INVENTION 

2. Relevant Background 

Most compounds are prepared as stoichiometric compositions, and numerous methods of 
preparing substances for commercial use are motivated in objective to create stoichiometric 
compounds. For example, producers of titania fillers, copper oxide catalysts, titanate dielectrics, 
ferrite magnetics, carbide tooling products, tin oxide sensors, zinc sulfide phosphors, and gallium 
nitride electronics all seek stoichiometric compositions (TiO.sub.2, CuO, BaTiO.sub.3, 
NiFe.sub.2 O.sub.4, TiC, SnO.sub.2, ZnS, and GaN, respectively). 

Those skilled in the art will note that conventional powders of oxides and other compounds, 
when exposed to reducing atmospheres (e.g. hydrogen, forming gas, ammonia, and others) over a 
period of time, are transformed to non-stoichiometric materials. However, the time and cost of 
doing this is very high because the inherent diffusion coefficients and gas-solid transport 
phenomena are slow. This has made it difficult and uneconomical to prepare and commercially 
apply stable non-stoichiometric forms of materials to useful applications. 

Limited benefits of non-stoichiometric materials have been taught by others; for example, 
Sukovich and Hutcheson in U.S. Pat. No. 5,798,198 teach a non-stoichiometric ferrite carrier. 
Similarly, Menu in U.S. Pat. No. 5,750,188 teaches a method of forming a thin film of non- 
stoichiometric luminescent zinc oxide. The film is a result of a thermodynamically favored 
defect structure involving non-stoichiometric compositions where the non-stoichiometric 
deviation is in parts per million. 

A very wide varietv o f pure phase materials such as polvmers are now readilv available at low 
cost. However, low cost pure phase materials are somewhat limited in the achievable ranges of a 
number of properties, including, for example, electrical conductivity, magnetic permeabilitv. 
dielectric constant, and thermal conductivity. In order to circumvent these limitations, it has 
become common to form composites, in w hich a mat rix is blended with a filler material with 
desirable properties. Examples of these types of composites include the carbon black and ferrite 
mixed polvmers that are used in toners, tires, electrical devices, and magnetic tapes. 
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The number of suitable filler materials for composites is large, but still limited, Iii particular, 
difficulties in fabrication of such composites often arise due t o issues of interface stability 
between the filler and the matrix, and because of the difficulty of orienting and homogenizing 
filler material in the matrix. Some desir able pro perties of the matrix (e.g.. rheology) mav also be 
lost when certain fillers are added, particularly at the hi^h loads required by many applications. 
The availability of new filler materials, particularly materials with noyel properties, would 
significantly expand the scope of manufacturable composites of this tvpe. 

SUMMARY OF THE INVENTION 

This invention includes several methods of making non-stoichiometric submicron and 
nanostructured materials and devices from both stoichiometric and non-stoichiometric 
precursors. This invention also includes methods of making stoichiometric materials and devices 
fi*om non-stoichiometric precursors. In one aspect, the invention includes an improved sintering 
technique utilizing submicron non-stoichiometric powders. The invention also includes a variety 
of other applications for submicron non-stoichiometric materials, including catalysis, photonic 
devices, electrical devices and components, magnetic materials and devices, sensors, biomedical 
devices, electrochemical products, and energy and ion conductors. 

In one aspect, this invention includes a variety of methods of producing a non-stoichiometric 
material. According to one method, a submicron powder of a stoichiometric material is 
transformed into a non-stoichiometric powder. The submicron powder may also be a 
nanopowder. If desired, the submicron non-stoichiometric powder may be sintered into a bulk 
substance . This invention excludes from its scope the non stoichiomctry that naturally results 
from the randomly occurring thermodynamic defects in a bulk crystal of the theoretical 
stoichiomctry which ar e typically on th e ord e r of a few hundr e d parts per million. As used 
heroin, non equilibrium moans thermodynamic non equilibrium . 

According to another method, a non-stoichiometric submicron material is produced by 
quenching a high-temperature vapor of a precursor material to produce a non-stoichiometric 
submicron powder, A vapor stream of the high temperature vapor flows fi-om an inlet zone, and 
this stream is passed through a convergent means to channel the vapor stream through an area 
where flow is restricted by controlling the cross-section of the flowing stream. The vapor stream 
is channeled out of the flow restriction through a divergent means to an outlet pressure which is 
smaller than the inlet pressure. This quenches the vapor stream. The inlet and outlet pressures are 
maintained, creating a pressure differential between them. The pressure differential and the 
cross-section of the flow restriction are adapted to produce a supersonic flow of the vapor 
stream. This method may further comprise sintering the resulting powder. 

According to yet another method, a nanoscale starting material comprising more than one 
element is provided. At least one of these elements is an electropositive element. A dopant 
element with valency different than the electropositive element is added, and the mixture is 
heated to a selected temperature, preferably greater than the solid state reaction temperature, for 
a time sufficient to allow intermingling of the dopant element and the given electropositive 
element. 
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According to still another method, two nanopowders are mixed in a ratio selected to produce a 
desired non-stoichiometric composition. The first nanopowder comprises a plurality of materials, 
and the second comprises a subset of those materials. The materials comprising the first 
nanopowder may be metallic, semimetallic, non-metallic, or any combination thereof. The 
mixture is heated in a selected atmosphere to a temperature to produce a solid state reaction. The 
atmosphere may participate in the solid state reaction. This invention also includes the materials 
produced via the above methods. 

In another aspect, this invention includes a submicron non-stoichiometric material where the 
value for a selected physical property of the submicron non-stoichiometric material is greater 
than 10% different from that for a stoichiometric form of the submicron non-stoichiometric 
material. Alternately, the relative ratios of the components of the material differ by more than 
1% from the stoichiometric values, preferably 2% from the stoichiometric values, and more 
preferably 5%. The material may be a nanomaterial or a nanopowder. 

This invention also includes a submicron material wherein a domain size of the material is less 
than 500 nm, and the material is non-stoichiometric. Preferably, the domain size is less than 100 
nm. Alternately, a domain size may be less than 5 times the mean free path of electrons in the 
given material, or the mean domain size may be less than or equal to a domain size below which 
the substance exhibits 10% or more change in at least one property when the domain size is 
changed by a factor of 2. The material may be a powder or a nanopowder. 

In another aspect, this invention includes a method of determining the non-stoichiometry of a 
material. A stoichiometric form of the material and the material whose stoichiometry is to be 
ascertained (the "unknown" material) are heated separately in a reactive atmosphere to 0.5 times 
the melting point of the material. The weight change per unit sample weight for the unknown 
material is monitored. In addition, the weight change per unit sample weight of the unknown 
material is compared to the weight change per unit sample weight of the known material. 

In another aspect, this invention includes a method of conducting combinatorial discovery of 
materials where non-stoichiometric forms of materials are used as precursors. 

In another aspect, this invention includes a method of making a non-stoichiometric nanoscale 
device by fashioning a non-stoichiometric nanoscale material into a device. Alternately, a device 
is fashioned from a stoichiometric material and the stoichiometric material converted into a non- 
stoichiometric form. The stoichiometric material may be an electrochemical material, a photonic 
material, or a magnetic material. The non-stoichiometric material may be electroded; and the 
electrode may comprise a non-stoichiometric material This invention also includes 
stoichiometric devices with non-stoichiometric electrodes. The non-stoichiometric materials may 
further be a nanomaterials. 

In another aspect, this invention includes a method of producing a stoichiometric material from a 
non-stoichiometric powder. The powder is processed into the shape desired for a stoichiometric 
material and further processed to produce stoichiometric ratios among its components. This 
invention also includes a method of producing a stoichiometric device via the same method. 
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In another aspect, this invention also includes an improved method of producing sintered 
materials, A submicron stoichiometric powder is formed into a green body. The green body is 
sintered at a selected densification rate and a selected temperature which are lower than those 
required to sinter larger, stoichiometric powders. This method may further comprise converting 
the sintered material to a stoichiometric form or stabilizing the non-stoichiometric sintered 
material by the addition of a protective coating, secondary phase, or stabilizer. In this method, 
the submicron non-stoichiometric powder may also be nanopowders. 

This invention also includes a method of producing an improved catalyst. A nanopowder 
comprising indium tin oxide and alumina are pressed into pellets. The pellets are reduced in a 
reducing atmosphere to form a catalyst which can promote the formation of hydrogen from 12% 
methanol vapor at 250.degree. C. This invention also includes the improved catalyst prepared by 
this method. 

In another aspect, this invention includes a method of producing an improved photonic material. 
A high-temperature vapor of a precursor material is quenched from a gas stream comprising 
hydrogen and argon to produce a non-stoichiometric submicron powder such that the absorption 
of selected wavelengths is more than doubled with respect to that of a stoichiometric from of the 
precursor. In this method, the precursor material may be stoichiometric ITO; the selected 
wavelengths would be greater than 500 nm. In addition, this invention includes an improved non- 
stoichiometric photonic material produced by this process and exhibiting enhanced absorption of 
selected wavelengths of electromagnetic radiation in comparison to a stoichiometric form of the 
material. 

In another aspect, this invention includes a method of producing an improved electric device. 
Titanium oxide nanopowders are heated in an ammonia atmosphere to produce a non- 
stoichiometric oxynitride of titanium. The resulting device may also be part of an electrical 
conductor. This invention also includes the improved electrical device produced by this method. 

This invention also includes a variety of methods of making improved magnetic materials and 
devices. According to one method, a nickel zinc ferrite material is sintered to near theoretical 
density and heated in a reducing atmosphere at an elevated temperature such that the resulting 
material exhibits higher magnetic loss tiian the stoichiometric starting material. The atmosphere 
may comprise 5% H— 95% Ar and the temperature may be SOO.degree. C. 

According to another method, a mixture of two stoichiometric nanopowders is produced from 
manganese ferrite and nickel zinc ferrite powders. These two powders are pressed together, 
sintered, and wound. The method may further comprise pressing the two nanopowders with a 
binder, preferably 5% Duramax. This invention also includes the magnetic devices and materials 
produced by these methods. 

In another aspect, this invention includes methods of making a non-stoichiometric resistor. In 
one method, the resistor is produced from a stoichiometric submicron material and transformed 
to a non-stoichiometric form. In another method, the resistor is produced from non- 
stoichiometric SiC.sub.x nanopowders. The nanopowders are sonicated in polyvinyl alcohol and 
screened printed on a alumina substrate. The resulting resistor element is to produce a resistor 
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having a resistance less than 1 megaohm. Platinum or silver dopants may be added to the 
sonicated mixture. This invention also includes the improved resistors produced via these 
methods and arrays of resistors produced via these methods. 

In another aspect, this invention also includes a method of producing an improved sensor device. 
A non-stoichiometric nanopowder is sonicated in a solvent to form a slurry. The slurry is brushed 
onto screen-printed electrodes and allowed to dry at to remove the solvent. A dissolved polymer 
may also be included in the slurry. The screen-printed electrodes may be gold electrodes on an 
alumina substrate. The screen may be made from stainless steel mesh at least S.times.lO inches 
in size, with a mesh count of 400, a wire diameter of 0.0007 inches, a bias of 45.degree., and a 
polymeric emulsion of 0.0002 inches. 

In another aspect, this invention includes an improved sensor device prepared from a screen 
printable paste, A nanopowder and polymer are mechanically mixed; a screen-printing vehicle is 
added to the mixture and further mechanically mixed. The mixture is milled and screen-printed 
onto prepared electrodes. The paste is allowed to level and dry. This invention also includes the 
improved sensor devices produced by the above processes. 

This invention, in a further aspect, includes a method of making an improved biomedical 
orthopedic device. A feed powder comprising a non-stoichiometric Ti-Ta— Nb-Zr alloy is 
milled under non-oxidizing conditions. The milled powder is mixed with a binder dissolved in a 
solvent and allowed to dry. The mixture is then pressed and incorporated into a biomedical 
device. This invention also includes a biomedical material comprising a non-stoichiometric 
submicron powder. In addition, this invention includes a biomedical material produced by this 
process wherein the powder is a nanopowder. 

This invention, in another aspect, includes a method of preparing an improved electronic 
component. A non-stoichiometric nanoscale material is mixed with a screen printing material 
and the resulting paste screen-painted on an alumina substrate. The paste is wrapped up and dried 
on a heated plate and further screen-printed with silver-palladium to form a conducting electrode. 
The silver-palladium is dried rapidly on a heated plate and the two films co- fired. 

In another aspect, this invention includes an improved electrochemical material comprising a 
submicron non-stoichiometric material. The material has excess Gibbs free energy in comparison 
to larger grained materials. In addition, the material exhibits increased solute diffusion, lower 
phase transformation temperatures, and high compressive toughness. 

In another aspect, this invention includes a method of making an improved energy and ion 
conducting device. A stoichiometric nanoscale starting powder is reduced at a temperature 
between SOO.degree. C. and 1200.degree. C. in a forming gas to yield non-stoichiometric 
nanopowders. The powders are pressed into discs, sintered, and coated with a cermet paste 
comprising equal parts silver and a stoichiometric nanoscale form of the starting powder. 
Platinum leads are then attached to the cermet paste. Preferably, the cermet paste comprises 
silver and a non-stoichiometric version of the starting powder. The starting powder may be 
yttria-stabilized cubic zirconia, other metal oxides, a perovskite material, or another group IV 
oxide. This invention also includes the improved energy and ion conducting device produced by 
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this method. In addition, it includes an ion and energy conducting device wherein the ion 
conductor is produced from nanostructured beta alumina, NASICON, lithium nitride, LISICON, 
silver iodide, Rb.sub.4 Cu.sub.l6 Lsub.7 Cl.sub.l3, a polymer, or a perovskite. 

In another aspect, this invention includes an improved dopant for semiconductor materials where 
the dopant comprises a non-stoichiometric nanocrystalline powder. The grain size of the non- 
stoichiometric nanocrystalline powder may be less than 80 nm, preferably 40 nm, and more 
preferably 10 nm. The non-stoichiometric nanocrystalline powder may include one or more 
materials selected from the group comprising Ta.sub.2/3 O.sub,0.9, Nb.sub.2/5 O.sub.0.74, 
NiO.sub.0.98, Mn.sub.1/2 O.sub,0.9, Bi.sub.2/3 O.sub.0.45, Cu,sub.l.9 O, TiO.sub.1.1, 
SiO.sub.1.55, and V.sub.2/5 O.sub.0.975, 

Brieflv stated, the present invention is directed to inks based on novel nanofillers that enhance a 
wide range of properties. In another aspect, the present invention is directed to methods for 
preparing nanocomposites that enable nanotechnologv applications offering superior functional 
performance. In an example method, nanofillers and a substance having a polymer are mixed. 
Both low-loaded and highlv-loaded nanocomposites are contemplated. Nanoscale coated and un- 
coated fillers mav be used. Nanoconiposite fil ms mavbe coated on substrates. 

In one aspect, the invention comprises a nanostructured filler, intimatelv mixed with a matrix to 
form a nanostructured composite. At least one of the nanostructured filler and the nanostructured 
composite has a desired material property which differs bv at least 20% from the same material 
property for a micron-scale filler or a micron-scale composite, respectively. The desired material 
property is selected from the ^oup consisting of refractive index, transparency to light, 
reflection characteristics, resistivity, permittivity, pemieabilitv. coercivitv. B-H product, 
magnetic hysteresis, breakdown voltage, skin depth, curie temperature, dissipation factor, work 
fiuiction. band gap, electromagnetic shielding effectiveness, radiation hardness, chemical 
reactivity, thermal conductivity, temperature coefficient of an electrical property, voltage 
coefficient of an electrical property, thermal shock resistance, biocompatibilitv and wear rate. 

The nanostructured filler may comprise one or more elements selected from the s. p. d. and f 
groups of the periodic table, or it may comprise a compound of one or more such elements with 
one or more suitable anions, such as aluminum, antimony, boron, bromine, carbon, chlorine. 
fluorine, g ermanium, hydrogen, indium, iodine, nickel, nitrogen, oxygen, phosphorus, selenium, 
silicon, sulfur, or tellurium. The matrix mav be a polymer fe.g.. polvrmethvl methacrylate\ 
polvfvinvl alcohol) , polycar bonate, polyalkene. or polvarvl). a ceramic (e.g., zinc oxide, indium- 
tin oxide, hafiiium carbide, or ferriteV or a metal (e.g.. copper, tin, zinc, or ironV Loadings of the 
nanofiUer mav be as high as 95%. although loadings of 80% or less a re preferred. The invention 
also comprises devices which incorporate the nanofiller (e. g.. electrical, magnetic, optical, 
biomedical, and electrochemical devicesV 

Another aspect of the invention comprises a method of producing a composite, comprising 
blending a nanoscale filler with a matrix to form a nanostructured composite. Either the 
nanostructured filler or the composite itself differs substantially in a desired material property 
from a micron-scale filler or composite, respectively. The d esired material property is selected 
from the group consisting of refractive index, transparency to light, reflection characteristics. 
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resistivity, permittivity, permeability, coercivitv, B-H product, magnetic hysteresis^ breakdown 
voltage, skin depth, curie temperat ure, dissipation factor, work function, band gap, 
electromagnetic shielding effectiveness, radiation hardness, chemical reactivity, thermal 
conductivity, temperature coefficient of an electrical property, voltage coefficient of an electrical 
property, thermal shock resistance, biocompatibilitv. and wear rate. The loading of the filler does 
not exceed 95 volume percent, and loadings of 80 volume percent or less are preferred. 

The composite may be formed by mixing a precursor of the matrix material with the nanofiller. 
and then processing the precursor to form a desired matrix material For examp le^ the nanofiUer 
may be mixed with a monomer^ which is then polymerized to form a polvmer matrix composite. 
In another embodiment, the nanofiller mav be mixed with a matrix powder composition and 
compacted to form a solid composite. In vet another embodiment, the matrix composition mav 
bedi_s_solved in a solvent and mixed with the nanofiller. and then the solvent may be removed to 
form a solid composite. In still another embodiment, the matrix mav be a liquid or have liquid 
like properties. 

Yet another aspect of the invention is to prepare nanofillers for pi gments. These nanofiUers are 
reduced to practice in form of various colors such as but not limiting to blue, yellow and brown- 
Many nanofiller compositions are encompassed within the scope of the invention, including 
nanofillers comprising one or more elements selected from the group consistin g of actinium^ 
aluminum, arsenic, barium, beryllium, bismuth, cadmium, calcium, cerium, cesium, cobalt. 
copper, dysprosium, erbium, europium, gadolinium, gallium, gold, hafiiium. hvdrogen. indium^ 
iridium, iron, lanthanum, lithium, magnesium, manganese, mendelevium. mercury, 
molybdenum, neodvmium. neptunium, nickel, niobium, osmium, palladium, platinum, 
potassium, praseodymium^ promethium. protactinium, rhenium, rubidium, scandium, silver. 
sodium, strontium, tantalum, terbiu m, thallium, thorium, tin, titanium, tungsten, vanadium. 
ytterbium, yttrium, zinc, and zirconium. 

"Domain size" as that term is used herein, refers to the minimum dimension of a particular 
material morphology, hi the case of powders, the domain size is the grain size. In the case of 
whiskers and fibers, the domain size is the diameter. In the case of plates and films, the domain 
size is the thickness. 

As used herein, a "nanostructured powder" is one having a domain size of less than 100 nm. or 
alternatively, having a domain size sufficiently s mall that a selectejLmaterial property is 
substantially different from that of a micron-scale powder, due to size confinement effects (e.g.^ 
the property mav differ bv 20% or more from the analogous property of the micron-scale 
materialV Nanostructured powders often advantageously have sizes as small as 50 nm^ 30 nm. or 
even smaller. Nano structure d powders may also be referred to as "nanopowders" or 
"nanofillers." A nanostructured composite is a composite comprising a nanostructured phase 
dispersed in a matrix. 

As it is used herein, the term " agglomerated" describes a powder in which at least some 
individual particles of the powder adhere to neighboring particles, primarily by electrostatic 
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forces, a nd "aggregated" describes a powder in which at least some individual particles are 
chemically bonded to neighboring particles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is described with reference to the several figures of the drawing, in which, 

FIG. 1 is a diagram of a nanostructured filler coated with a polvmer: 

FIG. 2 portrays an X-rav diffraction (XRD) spectrum for the stoichiometric indium tin oxide 
powder of Example 1: 



FIG. 1: UV V is absorotion opoctra o G is a scanning electron microscope (SEM'l micrograph of 
the stoichiometric indium tin oxide (yellow) and non stoichiometric indium tin oxide 
fbfae ^powder of Example 1: and 

FIG. 2. Resistance of stoichiometric (1) and non Gtoichiomotric (2) nickel zinc ferrites as a 
function of froquoncy. 

FIG. 4 is a diagram of the n anostructured varistor of Example 5. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Non-stoichiometric substances in this invention are envisioned as substances that bridge between 
the artificial classification of substances-i.e. metals, alloys, oxides, carbides, nitrides, borides, 
sulfides, chalcogenides, silicides, etc. For example, while tin (Sn) is a metal, tin oxide 
(SnO.sub.2) is an oxide ceramic. Non-stoichiometric tin oxide is then a form of a substance that 
transitions the properties of metallic tin to ceramic tin oxide. For example, non-stoichiometric tin 
oxides can be prepared with composition such as SnO.sub,0.04, SnO.sub.0.14, SnO.sub.0.24, 
SnO.sub.0.34, SnO.sub.0.44, SnO.sub.0.54, SnO.sub.0.64, SnO.sub.0.74, SnO.sub.0.84, and 
SnO.sub.0.94. The physical, thermal, chemical, and other properties of tin and tin oxide are very 
different, and the properties of non-stoichiometric tin oxide are anticipated to be very different 
and unique when compared with both metallic tin and ceramic tin oxide. The presence of 
vacancies in SnO.sub.x is anticipated to lead to higher conductivities, novel catalytic properties, 
novel structural properties, novel magnetic properties, faster sintering, and other desirable 
commercial performance. A preferred embodiment is to use a submicron non-stoichiometric 
form. A more preferred embodiment is to use a nanoscale non-stoichiometric form. It is 
important to note that the non-stoichiometric form can be converted to a stoichiometric form if 
and when desired. Thus, the beneficial properties of non-stoichiometric forms can be utilized in 
some applications during processing, while leaving the flexibility for use of either a 
stoichiometric or a non-stoichiometric form in the final product. 

Another illustration, without limiting the scope of this invention, is the non-metal boron and the 
ceramic boron nitride. In stoichiometric form, boron is B, and the ceramic boron nitride is BN. 
These two materials have very different molecular orbitals and different physical, thermal, 
chemical, optical, catalytic, structural, and other properties. Additionally, it is easier to process 
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boron than boron nitride. Illustrative but not limiting forms of non-stoichiometric boron nitride 
include BN.sub.0.025, BN.sub.0.125, BN.sub.0.225, BN.sub.0.325, BN.sub.0,425, 
BN.sub.0.525, BN.sub.0.625, BN.sub.0.725, BN.sub.0.825, BN.sub.0.925. It is anticipated that 
nanoscale forms of these non-stoichiometric BN.sub.x will yield novel electrical and electronic 
properties, novel catalytic properties, novel structural properties, novel magnetic properties, 
faster sintering, and other desirable commercial performance. Once again, a preferred 
embodiment is to use a submicron non-stoichiometric form. A more preferred embodiment is to 
use a nanoscale non-stoichiometric form. Once again, it is important to note that the non- 
stoichiometric form can be converted to a stoichiometric form if and when desired. Thus, the 
beneficial properties of non-stoichiometric forms can be utilized in some applications during 
processing, while leaving the flexibility for use of either a stoichiometric or a non-stoichiometric 
form in the final product. 

Yet another illustration, without limiting the scope of this invention, is metallic titanium and the 
ceramic titanium carbide. In stoichiometric form, metallic titanium is Ti, and ceramic titanium 
carbide is TiC. These two materials have very different molecular orbitals and different physical, 
thermal, chemical, optical, catalytic, structural, and other properties. It is easier to process metals 
than ceramics, and the ductilities of metals are very different than those of ceramics. Illustrative 
but not limiting forms of non-stoichiometric titanium carbide include TiC.sub.0.05, 
TiC.sub.0.15, TiC.sub.0.25, TiC.sub.0.35, TiC.sub.0.45, TiC.sub.0.55, TiC.sub.0.65, 
TiC.sub.0.75, TiC.sub.0.85, TiC.sub.0.95. It is anticipated that nanoscale forms of 
nonstoichiometric TiC.sub.x will yield novel electrical and electronic properties, novel catalytic 
properties, novel structural properties, novel magnetic properties, faster sintering, and other 
desirable commercial performance. Once again, a preferred embodiment is to use a submicron 
non-stoichiometric form. A more preferred embodiment is to use a nanoscale non-stoichiometric 
form. Once again, it is important to note that the non-stoichiometric form can be converted to a 
stoichiometric form if and when desired. Thus, the beneficial properties of non-stoichiometric 
forms can be utilized in some applications during processing, while leaving the flexibility for use 
of either a stoichiometric or a non-stoichiometric form in the final product. 

A further illustration, without limiting the scope of this invention, is the nickel iron alloy and the 
ceramic nickel ferrite. In stoichiometric form, nickel iron alloy is NiFe, and ceramic nickel 
ferrite is NiFe.sub.2 O.sub.4. These two materials have very different molecular orbitals and 
different physical, thermal, chemical, optical, catalytic, structural, and other properties. It is 
easier to process alloys than ceramics, and the ductilities of alloys are very different than those of 
ceramics. Illustrative but not limiting forms of non-stoichiometric nickel ferrite include 
NiFe.sub.2 O.sub.3.91, NiFe.sub.2 O.sub.3.71, NiFe.sub.2 O.sub.3.51, NiFe.sub.2 0,sub.3.31, 
NiFe.sub.2 O.sub.3.11, NiFe.sub.2 0.sub,2,91, NiFe.sub.2 O.sub.2.71, NiFe.sub.2 O.sub.2.51, 
NiFe.sub.2 O.sub.2.31, NiFe.sub.2 O.sub.2.11, NiFe.sub.2 O.sub.1.91, NiFe.sub.2 O.sub.1.71, 
NiFe.sub.2 O.sub.LSl, NiFe,sub.2 O.sub.1.31, NiFe.sub.2 O.sub.1.11, NiFe.sub.2 O.sub.0.91, 
NiFe.sub.2 O.sub.0.71, NiFe.sub.2 O.sub.0.51, NiFe.sub.2 O.sub.0.31, NiFe.sub.2 O.sub.0.11, 
NiFe.sub.1.8 O.sub.4, NiFe.sub.0.8 O.sub.4, Ni.sub.0.9 Fe.sub.2 O.sub.3.9, Ni.sub.0.9 Fe.sub.2 
O.sub.4, and Ni.sub.0.4 Fe.sub.2 O.sub.4. It is anticipated that nanoscale forms of non- 
stoichiometric nickel ferrite will yield novel electrical and electronic properties, novel catalytic 
properties, novel structural properties, novel magnetic properties, faster sintering, and other 
desirable commercial performance. Once again, a preferred embodiment is to use a submicron 
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non-stoichiometric form. A more preferred embodiment is to use a nanoscale non-stoichiometric 
form. Once again, it is important to note that the non-stoichiometric form can be converted to a 
stoichiometric form if and when desired. Thus, the beneficial properties of non-stoichiometric 
forms can be utilized in some applications during processing, while leaving the flexibility for use 
of either a stoichiometric or a non-stoichiometric form in the final product. 

Nanostructured materials have small grain sizes and high interfacial areas. Nanostructured 
materials can be prepared by methods such as those taught by us in commonly assigned U.S. Pat, 
No. 5,788,738 and others such as U.S. Pat. Nos. 5,486,675, 5,447,708, 5,407,458, 5,219,804, 
5,194,128, 5,064,464, all of which are incorporated herein by reference. Relatively high surface 
area and small grain size makes nanopowders commercially suitable for processing into non- 
stoichiometric forms. 

The material compositions to be used in the presently claimed invention are nanostructured non- 
stoichiometric substances, i.e. materials whose domain size have been engineered to sub-micron 
levels, preferably to nanoscale levels (<100 nm) where domain confinement effects become 
observable, modifying the properties of the materials. The scope of this invention excludes non- 
stoichiometry that resuhs from thermodynamically favored defect structure. 

Nanostructured materials (nanomaterials) are a novel class of materials whose distinguishing 
feature is that their average grain size or other domain size is within a size range where a variety 
of confinement effects dramatically change the properties of the material. A property will be 
altered when the entity or mechanism responsible for that property is confined within a space 
smaller than the critical length associated with that entity or mechanism. Some illustrations of 
such properties include but are not limited to electrical conductivity, dielectric constant, 
dielectric strength, dielectric loss, polarization, permittivity, critical current, superconductivity, 
piezoelectricity, mean free path, curie temperature, critical magnetic field, permeability, coercive 
force, magnetostriction, magnetoresistance, hall coefficient, BHmax, critical temperature, 
melting point, boiling point, sublimation point, phase transformation conditions, vapor pressure, 
anisotropy, adhesion, density, hardness, ductility, elasticity, porosity, strength, toughness, surface 
roughness, coefficient of thermal expansion, thermal conductivity, specific heat, latent heat, 
refractive index, absorptivity, emissivity, dispersivity, scattering, polarization, acidity, basicity, 
catalysis, reactivity, energy density, activation energy, free energy, entropy, frequency factor, 
environmental benigness, bioactivity, biocompatibility, and thermal and pressure coefficients of 
properties. The importance of nanostructured materials to this invention can be illustrated by 
considering the example of the mean free path of electrons, which is a key determinant of a 
material's resistivity. The mean free path in conventional materials and resistivity are related by: 

.rho.=mv.sub.E /nQ.suD.2.1ambda. 

where, 

.rho.: resistivity 
m: mass of electron 
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v.sub.E : Fermi energy 



n: number of free electrons per unit volume in material 

q: charge of electron 

.lambda.: mean free path of electron 

This equation assumes that the resistivity in the material is determined in part by the mean free 
path of electrons and that the electrons have a free path in the bulk. In nanostructured materials, 
the domain size is confined to dimensions less than the mean free path and the electron meets the 
interface of the domain before it transverses a path equal to the mean free path. Thus, if the 
material's domain size is confined to a size less than the mean free path, this equation is no 
longer valid. In a simplistic model, one could replace .lambda, with the domain size, but that 
replacement ignores the fact that confinement can also affect "n" and other fundamental 
properties. This insight suggests that unusual properties may be expected from devices prepared 
from materials with a domain size less than the mean free path of electrons. 

While the above argument is discussed in light of mean free path, it is important to note that the 
domain confinement effect can be observed even when the domain size is somewhat larger than 
the mean free path because: (a) "mean" free path is a statistical number reflecting a mean of path 
lengths statistically observed in a given material, and (b) in very finely divided materials, the 
. interface volume is significant and all the free electrons do not see the same space; electrons 
closer to the interface interact differently than those localized in the center of the domain. 

The significance of using nanostructured materials can be fiirther appreciated if the conductivity 
of semiconducting oxides is considered as shown in the equation for conductivity from hopping 
mechanism: .sigma.=P.sub.a P.sub.b 2e.sup.2 /ck^v\exp(Q/kT^^ 

where, 

.sigma.: conductivity 

P.sub.a, P.sub.b : probabilities that neighboring sites are occupied by desirable cations 

e: electronic charge 

n: frequency factor 

k: Boltzmann's constant 

T: temperature 

q: activation energy 

c: unit cell dimension 
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v: hopping velocity 



The frequency factor and activation energy are a strong function of the microstructure 
confinement and non-stoichiometry; therefore, the conductivity of the same material can be very 
different in nanostructured non-stoichiometric form when compared with naturally occurring 
bulk crystal form of the substance. 

As the phrase is used herein, "nanostructured materials" are considered to be materials with a 
domain size less than 5 times the mean free path of electrons in the given material, preferably 
less than the mean free path of electrons. Alternatively, the domain size may be less than 500 
nanometers, and preferably less than 100 nanometers. Nanostructured materials also include 
substances with a mean domain size less than or equal to the domain size below which the 
substance exhibits 10% or more change in at least one property of the said substance when the 
domain size is changed by a factor of 2, everything else remaining the same. Furthermore, the 
term nanostructured materials incorporates zero dimensional, one dimensional, two dimensional, 
and three dimensional materials. 

Nanopowders in this invention are nanostructured materials wherein the domain size is the 
powder's grain size. For the scope of the invention, the term nanopowders includes powders with 
an aspect ratio different than one, and more specifically powders that satisfy the relation: 
lO.sup.O <aspect ratio <10.sup.6. 

Submicron materials in this disclosure are materials with mean grain size less than 1 micrometer. 

Non-stoichiometric materials are metastable materials, which have a composition that is different 
than that required for stoichiometric bonding between two or more elements. For example, 
stoichiometric titania can be represented as TiO.sub.2 while non-stoichiometric titania can be 
represented as TiO,sub.2-x (TiO.sub.1.8 and TiO.sub.1.3 would be two specific examples of 
non-stoichiometric titania). Stoichiometric bonding between two or more elements indicates that 
charge balance is achieved among the said elements. In general, a stoichiometric material is 
given by: 

where, Z can be any element from the p, d, and f groups of the periodic table (illustrations 
include: C, O, N, B, S, H, Se, Te, In, Sb, Al, Ni, F, P, CI, Br, I, Si, and Ge). M can be any 
element that can lower its free energy by chemically bonding with Z (illustrations include: Ti, 
Mn, Fe, Ni, Zn, Cu, Sr, Y, Zr, Ta, W, Sc, V, Co, In, Li, Hf, Nb, Mo, Sn, Sb, Al, Ce, Pr, Be, Np, 
Pa, Gd, Dy, Os, Pt, Pd, Ag, Eu, Er, Yb, Ba, Ga, Cs, Na, K, Mg, Pm, Pr, Ni, Bi, Tl, Ir, Rb, Ca, La, 
Ac, Re, Hg, Cd, As, Th, Nd, TfeTh, Md, and Au), where n and p, integers for stoichiometric 
bonding between M and Z, are greater than or equal to 1. 

A non-stoichiometric form of the same material may then be given by: 

where 0<x<n and 0<v<d. 
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An alternative representation of ane aa non -stoichiometric material is M.sub.n/p Z.sub.l-x, where 
0<x<l. In this invention, the preferred range includes 0.01<x<0.99, preferably 0.02<x<0.98, and 
more preferably 0.05<x<0.95. 

Empirical methods may also be used to determine whether a material is non-stoichiometric. 
Some embodiments of such methods are as follows: 

1. Heat a stoichiometric form of the material and the material being evaluated for non- 
stoichiometry separately in a reactive atmosphere (e.g., oxygen, if oxygen non-stoichiometry is 
being ascertained) to 0.5 times the melting point of the material; monitor the weight change per 
unit sample weight. The material being evaluated is non-stoichiometric if its weight change per 
unit sample weight is greater than either 1% of the weight of the sample or 25% of the weight 
change in the sample of stoichiometric form. 

2. Altematively, perform a quantitative elemental analysis on the material; if the relative ratio of 
the elements yields an "x" that is not an integer (and the relative ratio deviates by more than 1%, 
preferably more than 2% and more preferably by more than 5%), the material is non- 
stoichiometric. 

3. Ahematively, measure the properties of the material in the ideal stoichiometric form and 
compare this with the substance being evaluated for non-stoichiometry; if any property of the 
material, or the temperature coefficient of any property varies by more than 10% between the 
two substances, everything else remaining the same, the substance being evaluated is non- 
stoichiometric. 

These empirical methods will not work universally and may give misleading results because 

some materials decompose with heating, and analytical techniques are prone to statistical errors. 
These empirical methods should not be considered limiting and other methods of establishing 
"x" fall within the scope of the invention. 

In the M.sub.n-x Z.sub.p-y representation discussed above, non-stoichiometric materials may 
have more than one "M," more than one "Z," or both. In this case, the representation can be 
.PL.sub.I^li (M.sub.I,ni-xi Z.sub.j,pj,yj), where .PI..sub.I,j represents a multiplicity in i and j. A 
material is then non-stoichiometric if the relative ratio of any M or any Z or any combination is 
different by more than 2.5% than what is needed for theoretical bonding between the said 
elements. Some illustrations of this, without limiting the scope of the invention, would be non- 
stoichiometric compositions such as BaTiO.sub.3-x, Ba.sub.l-x 4Ti0.sub.3, NiFe.sub.2 O.sub.3- 
X, Ni.sub.l-?^ Fe.sub.2 O.sub.3, NiFe.sub.2 O.sub.3 N.sub.l-x, PbZrTiO.sub.3-x, TiCN.sub.l-x, 
and TiC.sub.l-x N. It is also important to note that, for the scope of this invention, non- 
stoichiometric substances include substances produced when one or more of Z and/or M in 
.PL.sub.ijjli (M.sub.I,ni-xi Z.sub.j,pj,yj) is replaced partially or completely with additional 
elements, i.e., Z.sub.s or M.sub.s. An example of this would be stoichiometric MnFe.sub.2 
O.sub.4, which, after processing, becomes MnFe.sub.2 O.sub.3. 5 N.sub.0.1 or MnFe.sub.2 
O.sub.3. 1 B.sub.0.3. Another example of this is stoichiometric TiB.sub.2 which after processing 
becomes TiB.sub.1.5 N.sub.0.3 or TiB.sub.1.1 C.sub,0.2. 
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It is important to note that all naturally produced and artificially produced materials have defects 
because defects are thermodynamically favored. Such thermodynamically favored defects can 
lead to small amounts of inherent non-stoichiometry in substances. The presently claimed non- 
stoichiometric materials differ from such naturally produced and artificially produced substances 
in the following: 

This invention excludes fi-om its scope the non-stoichiometry that naturally results from the 
randomly occurring thermodynamic defects in a bulk crystal of the theoretical stoichiometry 
which are typically on the order of a few hundred parts per million. As used h e rein, non 
e quilibrium means thermodynamic non equilibrium. Preferred levels of non-stoichiometry 
according to the invention are those which significantly exceed equilibrium levels. Alternatively, 
the preferred ranges include 0.01<x<0.99, preferably 0.02<x<0.98, and more preferably 
0.05<x<0.95. 

This invention teaches the methods for engineering unusual non-stoichiometric compositions, 
and provides motivation to harness their unusual properties. The invention stabilizes and makes 
non-stoichiometry commercially attractive by engineering nanostructure in the non- 
stoichiometric material It should be noted that nanostructured non-stoichiometric substances are 
anticipated to have interfacial stresses that play an important role in determining the unique 
properties and unusual thermodynamic nature of these substances, thereby yielding materials 
with unprecedented compositions of matter and performance. 

In the presently claimed invention, the scope of the invention includes nanostructured materials 
with a domain size less than 5 times the mean fi-ee path of electrons in the given material, 
preferably less than the mean free path of electrons. In the event that it is difficult to theoretically 
compute the mean free path of the non-stoichiometric material under consideration, it is 
recommended that the domain size be less than 500 nanometers, preferably less than 100 
nanometers. If it is difficult to measure the grain size or the grain size changes during the 
production or use of the device, the scope of the invention includes non-stoichiometric materials 
with a domain size that exhibit 10% or more change in at least one property of the said substance 
when the domain size is changed by a factor of 2, everything else remaining same. 

A very wide range of material properties and product performance can be engineered by the 
practice of the invention. For example, unusual or improved electrical, electronic, magnetic, 
optical, electrochemical, chemical, catalytic, thermal, structural, biomedical, surface properties, 
and combinations thereof can be obtained or varied over a wider range using nanostructured non- 
stoichiometric substances than is possible using prior art stoichiometric substances. Such benefits 
can motivate use of these materials in pellet or film type or multilayer type devices and products. 

Nanostructured non-stoichiometric substances can be used as fillers to lower or raise the 
effective resistivity, effective permittivity, and effective permeability of a polymer or ceramic 
matrix. While these effects are present at lower loadings, they are expected to be most 
pronounced for filler loadings at or above the percolation limit of the filler in the matrix (i.e. at 
loadings sufficiently high that electrical continuity exists between the filler particles). Other 
electrical properties which could potentially be engineered include breakdown voltage, skin 
depth, curie temperature, temperature coefficient of electrical property, voltage coefficient of 
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electrical property, dissipation factor, work function, band gap, electromagnetic shielding 
effectiveness and degree of radiation hardness. Nanostructured non-stoichiometric fillers can 
also be used to engineer magnetic properties such as the coercivity, BH product, hysteresis, and 
shape of the BH curve of a matrix. Even when non-stoichiometric substances are used in 
monolithic form, these unique electrical, magnetic, and electronic properties hold significant 
commercial interest. 

Other important characteristics of an optical material are its refractive index and transmission 
and reflection characteristics. Nanostructured non-stoichiometric substances can be used to 
produce composites with refractive indices engineered for a particular application. Gradient 
lenses produced from nanostructured non-stoichiometric composites are anticipated to reduce or 
eliminate the need for polishing lenses. The use of nanostructured non-stoichiometric substances 
are anticipated to also help filter specific wavelengths. Furthermore, an expected advantage of 
nanostructured non-stoichiometric substances in optical applications is their enhanced 
transparency because the domain size of nanostructured fillers ranges from about the same as to 
more than an order of magnitude less than visible wavelengths of light. Photonic applications 
where specific wavelengths of light are processed are anticipated to utilize the unique optical 
properties of non-stoichiometric substances. 

The high surface area and small grain size of non-stoichiometric substances and their composites 
make them excellent candidates for chemical and electrochemical applications. When used to 
form electrodes for electrochemical devices, these materials are expected to significantly 
improve performance, for example, by increasing power density in batteries and reducing 
minimum operating temperatures for sensors. Nanostructured non-stoichiometric substances are 
also expected to modify the chemical properties of composites. These unique non-stoichiometric 
substances are anticipated to be catalytically more active and to provide more interface area for 
interacting with diffusive species. They are anticipated to provide the materials needed in our 
commonly assigned patent application Ser. No. 09/165,439 on a method and process for 
transforming chemical species which utilizes electromagnetic fields, and which is incorporated 
by reference herein. Such substances are anticipated to also modify chemical stability and 
mobility of diffusing gases. Furthermore, nanostructured non-stoichiometric substances are 
anticipated to enhance the chemical properties of propellants and fuels or safety during storage 
and transportation or both. 

Many nanostructured non-stoichiometric substances have a domain size comparable to the 
typical mean free path of phonons at moderate temperatures. These non-stoichiometric 
substances are anticipated to have dramatic effects on the thermal conductivity and thermal 
shock resistance of matrices and products into which they are incorporated. Potential 
applications include fluids used for heat transfer. 

Nanostructured non-stoichiometric substances— which may be utilized in coated and uncoated 
form— and composites derived thereof are also expected to have significant value in biomedical 
applications for both humans and animals. For example, the small size of nanostructured non- 
stoichiometric substances will make them readily transportable through pores and capillaries. 
This suggests that the non-stoichiometric substances will be of use in developing novel time- 
release drugs and methods of administration and delivery of drugs, markers, and medical 
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materials. A polymer coating can be utilized either to make water-insoluble fillers into a form 
that is water soluble, or to make water-soluble fillers into a form that is water insoluble. A 
polymer coating on the filler may also be utilized as a means to time drug-release from a 
nanoparticle. A polymer coating may further be used to enable selective fiUering, transfer, 
capture, and removal of species and molecules from blood into the nanoparticle. 

The invention can be used to prepare propellants and fuels that are safer to store, transport, 
process, and use. The non-stoichiometry can also provide increased energy density or oxidant or 
both. 

The invention can be used to produce superior or more affordable catalysts for the synthesis of 
currently used and novel organic compounds, inorganic compounds, organometallic compounds, 
pharmaceuticals, polymers, petrochemicals, reagents, metallurgical products, and combinations 
thereof. The invention can also be used to produce superior or more affordable catalysts for 
environmental and other applications that currently or in the future can benefit from catalysis. 
Similarly, the invention can be used to produce superior or more affordable phosphors for 
monochromatic and color display applications. 

A nanoparticulate non-stoichiometric filler for biomedical operations might be a carrier or 
support for a drug of interest, participate in the drug's fiinctioning, or might even be the drug 
itself. Possible administration routes include oral, topical, and injection routes. Nanoparticulates 
and nanocomposites are anticipated to also have utility as markers or as carriers for markers. 
Their unique properties, including high mobility and unusual physical properties, make them 
particularly well-adapted for such tasks. 

In some examples of biomedical functions, magnetic non-stoichiometric nanoparticles such as 
ferrites may be utilized to carry drugs to a region of interest, where the particles may then be 
concentrated using a magnetic field. Photocatalytic non-stoichiometric nanoparticles can be 
utilized to carry drugs to a region of interest and then photoactivated. Thermally sensitive non- 
stoichiometric nanoparticles can similarly be utilized to transport drugs or markers or species of 
interest and then thermally activated in the region of interest. Radioactive non-stoichiometric 
nanoparticulate fillers are anticipated to have utility for chemotherapy. Nanoparticles suitably 
doped with genetic, cultured, or other biologically active materials may be utilized in a similar 
manner to deliver therapy in target areas. Nanocomposite particles may be used to assist in 
concentrating the particle and then providing therapeutic action. To illustrate, magnetic and 
photocatalytic nanoparticles may be formed into a composite, administered to a patient, 
concentrated in area of interest using a magnetic field, and finally activated using photons 
directed to the concentrated particles. As markers, coated or uncoated non-stoichiometric 
nanoparticulate fillers may be used for diagnosis of medical conditions. For example, fillers may 
be concentrated in a region of the body where they may be viewed by magnetic resonance 
imaging or other techniques. In all of these appUcations, the possibility exists that 
nanoparticulates can be released into the body in a controlled fashion over a long time period, by 
implanting a nanocomposite material having a bioabsorbable matrix, which slowly dissolves in 
the body and releases its embedded filler. 



WASH 1748800,1 174879^1 



25 



Other benefits disclosed in e wco-owned U.S. patent aPDlication S e r Pat. No. 
09/083,893 6,228^904 on nanostructured fillers, and which is incorporated by reference herein 
and recited below , are applicable to the non-stoichiometric materials of the present invention^ 

Prior art Filler materials for polymeric composites are usually powders with an average 
dimension in the range of 10-100 .mu.m. Thus, each filler particle typically has on the order of 
10.sup.15 -lO.sup.lS atoms. In contrast the typical polymer chain has on the order of lO.sup.3 - 
IO.sup.9 atoms. Wh ile the art of precision manufacturing o f polymer s at molecular levels is well- 
developed, the knowledge of precision manufacturing of filler materials at molecular levels has 
remained largely unexplored. 

The number of atoms in the filler particles of the invention Thereinafter called "nanostructured 
filler" or "nanofiller") is on the order of or significantly less than the numb^mf atojmsjn the 
polymer molecules, e.^.. 10. sup. 2 -10. sup. 10. Thus, the fill er particles are comp arable in size or 
smaller than the polymer molecules, and therefore can be dispersed with orders of magnitude 
higher number density. Further, the fillers may have a dimension less than or equal to the critical 
domain s izes that determine the characteristic properties of the bulk composition: thus, the fillers 
may have significantly different physic al pro perties from larger particles of the same 
composifion. This in turn may yield markedly diffe rent properties in composites using 
nanofillers as compared to the typic al properties of conventional polvmer composites. 

These nanostructured filler materials may also have utility in the manufacture of other types of 
composites, such as ceramic- or metal-matrix composites. Again, the changes in the physical 
pro perties of the filler particles due to their increased surface area and constrained domain sizes 
can yield changes in the achievable properties of composites. 

The nanofillers of the invention can be inorganic, organic, or metallic, and may be in the form of 
powders, whiskers, fibers, plates or films. The fillers represent an additive to the overall 
composite composition, and mav be used at loadings of up to 95% bv volume. The fillers may 
have connectivity in 0. 1. 2. or 3 dim ensions. Fillers mav be produced bv a variety of methods. 
such as those described in U.S. Pat. Nos. 5.486.675: 5.447.708: 5.407.458: 5.219.804: 5.194.128: 
and 5.064.464. Particularly preferred methods of making nanostructured fillers are described in 
U.S. patent application Ser. No. 09/046.465. bv Bickmore. et al.. filed Mar. 23. 1998. now U.S. 
Pat. No. 5.987.997 and Ser. No. 08/706.819. bv Pirzada. et aK. filed Sen. 3. 1996. now U.S. Pat 
No. 5.851.507 both of which are incorporated herein bv reference. 

A method of making nanostructured Fillers is described in commonly owned U.S. patent 
application Ser. No. 09/046.465. bv Bickmore. et al.. filed Mar. 23. 1998. now U.S. Pat. No. 
5.987.997 which is herewith recited. For example, if a doped complex of composition: 

is desired, then according to the invention, one should prepare solutions or suspensions of dopant 
d.sub.l. metals M.sub.l and M.sub.2. and anion where M.sub.l and M.sub.2 are selected from 
the s. p. f and d groups of the periodic table, and X is selected from the p group of the periodic 
table. Solutions or suspensions mav be prepared, for example, bv mixing solutions containing 
each of the constituent elements of the desired powder. Elements dopant d.sub.l. metals M.sub.l 
and M.sub.2 are selected from the group consisting of the s group, p group, d group, or f group of 
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the periodic table, and X is selected from the group consisting of carbon, nitrogen, oxygen, 
boron, phosphorus, sulfur, chalcogens. and halogens. 

It will be understood bv those skilled. in the art that powders c omprisin g larger numbers of 
dopants, metals, and anions can also be produced by the same methods. In particular, 
polymetallic materials comprising at least three metals and at least one anion can be produced. 
These materials are useful in the manufacture of capacitors, inductors, varistors. resistors, niezo- 
deyices. thermistors, thermoelectric deyices. filters, connec tors, ma gnets, ion-conducting 
deyices. sensors, fuel cells, catalysts, optics, photonic devices, lasers. tooHng bits, armor, 
superconductors, inks, and pigments, for example. Prior art polymetallic powders are limited to 
sizes in excess of 300 nm, and mostly to sizes in excess of 1 micrometer. By the methods of the 
invention, solid or porous polymetallic nanopowders can be made, with sizes less than 250 nm. 
and preferably less than 100 nm. Furthermore, by the methods of the invention, nano-whiskers 
and nano-rods can be produced with aspect ratios of 25 or less, having a minimum dimension of 
less than 250 nm. and preferably less than 100 nm. At this scale, size confinement effects can 
come into plav for many polymetallic powders. 

While this invention does not limit itself to a specific cation or anion, it is desirable to use anions 
and cations that are either part of the final product or completely volatile. The final products are 
not limited to ionic materials, and include covalent and mixed ionic-covalent materials such as 
carbides, borides. nitrides, sulfides, oxycarbides. oxvnitrides. oxvborides and oxvsulfides. 
Illustrative formulations, but not exhaustive, then are nitrate, nitrites, nitrites, nitrides, 
carbonates, bicarbonates. hydroxides, cvanos. organometaUics. carboxvlates. amines, and 
amides. 

In one aspect of commonly owned U.S. patent application Ser. No. 09/046.465. bv Bickmore. et 
al.. filed Mar. 23. 1998. now U.S. Pat. No. 5.987.997 which is herewith recited, the invention 
comprises a method of continuously producing fine p owde rs of comp lex inor ganic compositions^ 
including, but not limited to. carbides, nitrides, oxides, chalcogenides. halides. phosphides, 
borides. and combinations thereof bv combustion of emulsions. Bv varying the characteristics of 
the initial emulsion, the size, shape, surface area, morphology, surface characteristics, surface 
composition, distribution, and decree of a^Qlom eration of the final powder may be controlled. 
And, in conjunction with varying combustion conditions, the product chemistry mav be varied to 
obtain non-stoichiometric. reduced oxide, or mixed anion materials. Examples of this 
embodiment include the use of non-stoichiometric flames or reducing gases such as hydrogen, 
forming gas, or ammonia. It is an advantage of these aspects of the invention that the method can 
use low cost, safe, readily available and environmentally benign precursors to produce fine 
powders. In a preferred embodiment, the method ensures high yield and high selectivity^ 
including harvesting 95% or more of the fine powder produced. In another embodiment, the 
method prevents the damage of the fine powders during and after their synthesis. 

In another aspect, the invention includes multimetallic powders having a median particle size of 
less than 5 micron and a standard devia tion of particle size of less than 100 nm. In p referred 
embodiments, the median particle size is less than 100 nm and the standard deviation of particle 
size is less than 25 nm. and in fijrther preferred embodiments, the median particle size is less 
than 30 nm and the standard deviation of particle size is less than 10 nm. The multimetallic 
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powders include at least two elements selected from the s group, p group, d eroup. and f group of 
the periodic table (e.g.> aluminum^ antimony, barium, bismuth, boron, bromine, cadmium, 
calcium, carbon, cerium, cesium, chlorine, chromium^ cobalt, copper, dysprosium, erbium, 
europium, gadolinium, gallium, germanium^ gold, hafnium, holmium. indium, iodine^ iridium^ 
iron, lanthanum, lead, lithium, lutetium. magnesium, manganese, molybdenum, neodymium. 
nickel, niobium, nitrogen, osmium, oxygen, palladium, phosphorus, platinum^ praseodymium, 
potassium, rhenium, rhodium, rubidium, samarium, scandium, silicon, silyer. sodium, strontium, 
sulfur, tantalum, terbium, thulium, tin, titanium, tungsten, yanadium. ytterbium, yttrium, zinc, 
and zirconium'^, and may include three or more su ch eleme nts. The powders may be 
unagglomerated and/or unaggrcRated. The multimetallic powders may also comprise 
nanowhiskers and/or nanorods. with aspect ratios in a range of 1-25. 

The term "nanopowder" describes a powder whose mean diameter is so small that its physical 
properties are substantially affected by size related confinement effects. Nanopowders usually 
haye a mean diameter less than or equal to 250 nm, and preferably haye a mean diameter less 
than or equal to 100 nm. More preferably, nanopowders may haye a mean diameter less than 50 
nm. 

The term "agglomerated" describes a powder in which at least some indiyidual particles of the 
powder adhere to neighboring particles, primarily by electrostatic forces, and "aggregated" 
describes a powder in which at least some indiyidual particles are chemically bonded to 
neighborin g particles. 

The term "aspect ratio" refers to the ratio of the maximum to the minimum dimension of a 
particle. The term "whisker" refers to any elongated particle fe.g.. a particle haying an aspect 
ratio greater than one, and preferably at least two). Whiskers may be round or faceted, and may 
haye yary in g diameters. "Rods" are substantially cylindrical whiskers. "Nanowhiskers" and 
"nanorods" refer to rods and whiskers whose smallest dimension is so small that their physical 
properties are substantially affected by size related confinement effects. Nanowhiskers and 
nanorods usually haye a minimum dimension les s than or equal to 250 nm. and preferably have a 
minimum dimension less than or equal to 100 nm. More preferably, these particles mav haye a 
minimum dimension less than 50 nm. 

A distincti ye feature of the invention described in commonly owned U.S. patent application Ser. 
No. 09/046.465. by Bickmore. et al.. filed Mar. 23. 19 98. now U.S. Pat. No. 5.987.997 which is 
herewith recited, is the use of emulsion as the vehicle for ca rrying fu els and me tals. Once an 
emulsion formulation has been established, d opants an d other metals can be readily added to the 
said emulsion to prepare and vary complex compositions. The emulsion is combusted using 
designs such as. but not limited to. those taught bv Kliavkin ^Combustion System Desig n. 
PennWell Books. Tulsa Okla.. 1996) and Fischer rCombustion Engineer's Handbook. G. Newnes 
Publisher. London. 1961), which are incorporated herein bv reference. The combustion can be 
accomplished using a laminar or turbulent flame, a nremixed or diffusion flame, a co-axial or 
impinging flame, a low-p ressure or high-pre ssure flam e, a sub-sonic or sonic or super-sonic 
flame, a pulsating or continuous flame, an exte rnally applied electromagnetic field fi-ee or 
externally applied electromagnefic field influenced flame, a reducing or oxidizing flame, a lean 
or rich flame, a secondary gas doped or undoped flame, a secondary liquid doped or undoped 
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flame, a secondary particulate doped or undoped flame, an adiabatic or non-adiabatic flame, a 
one-dimensional or two-dimensional or three-dimensional flame, an obstruction-free or 
obstructed flame, a closed or open flame, an externally heated or externally cooled flame, a ore- 
cooled or pre-heated flame, a one burner or multiple burner flame, or a combination of one or 
more of the above. Usually, combustion temperatures will be in excess of 600.degree. C.^ a 
temperature at which diffusion kinetics will be sufficiently fast that a compositionallv unifonn 
powder will be produced. The emulsion can also be a feed to other processes of producing 
nanoscale powders. Examples include the powder-fomiation processes describ ed in copending 
and commonly assigned U.S. patent application Ser. No. 08/707.341. "Boundary Layer Joulc- 
Thompson Nozzle for Thermal Quenching of High Temperature Vapors." now U.S. Pat. No. 
5.788.738 and Ser. No. 08/706.819. "Integrated Thermal Process and Apparatus for the 
Continuous Synthesis of Nanoscale Powders." now U.S. Pat. No. 5.851.507. both of which are 
incorporated herein. 

A wide y ariety of nanofiller compositions are possible. Some exemplary compositions include 
metals (e.g.. Cu. Ag. Ni. Fe. AL Pd. and Ti\ oxide ceramics Te.g.. TiO.sub.2. TiO.sub.2-x. 
BaFe.sub.2 O.sub.4. dielectric compositions, ferrites. and man^anites). carbide ceramics (e.g.. 
SiC. BC. TiC. WC. WCs ub.Uxl nitride ceramics (e.g.. Si.sub. 3 N.sub.4. TiN. VN. AIN. and 
Mo.sub.2 NV hydroxides (e.g.. alu minum hy droxide, calcium hydroxide, and barium hydroxideV 
borides (e.g.. AlB.sub.2 and TiB.sub.2), phosphides (e.g;., NiP and VP), sulfides (e.g.. 
molybdenum sulfide, titanium sulfide, and tungsten sulfide^ silicides (e.g.. MoSi.sub.2\ 
chalcogenides (e.g.. Bi.sub.2 Te.sub.3. Bi.sub.2 Se.sub.3\ and combinations of these. 

The fillers are immediately mixed with a matrix material, which is preferably polymeric^ buy 
may also be ceramic, metallic, or a combination of the aboye. The matrix may be chosen for 
properties s uch as ease of processibilitv. low cost, enyironmental benignity, commercial 
ayailability. and compatibility with the desired filler. The fillers are preferably mixed 
homogeneously into the matrix, but may also be mixed heterogeneouslv if desired, for examp le 
to obtain a composite haying a gradient of some property. Mixing techniques for incorporating 
powders into fluids and for mixing different powders are w ell known in the art, and include 
mechanical, thermal, electrical, magnetic, and chemical momentum transfer techniques, as well 
as combinations of the aboye. 

The viscosity, surface tension, and density of a liquid matrix material can be varied for mixing 
purposes, the preferred values being those that favor ease of mixing and that reduce energy 
needed to mix wilhout introducing any undesirable conta mination . One method of mixing is to 
dissolve the matrix in a solvent which does not adversely affect the properties of the matrix or 
the filler an d which can be easily removed and recovered. Another method is to melt the matrix, 
incorporate the filler, and cool the mixture to yield a solid composite with the desired properties. 
Yet another method is to synthesize the matrix in-situ with the filler present. For example, the 
nanofiller can be mixed with a liquid monomer, which can then be polymerized to form the 
composite. In this method, the filler may be used as a catalyst or co-catalvst for polymerization. 
The mixing mav also be accomplished in the soHd state, for example by mixing a powdered 
matrix composition with the filler, and then compacting the mixture to form a solid composite. 
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Mixing can be assisted using various secondary species such as dispersants. binders> modifiers, 
detergents, and additives. Secondary species mav also be added to enhance one to more of the 
properties of the filler-matrix composite. 

Mixing can also be assisted bv pre-coating the nanofiller with a thin layer of the matrix 
composition or with a phase that is compatible with the matrix composition. Such a coated 
nanoparticle is illustrated in FIG. 1. which shows a spherical nanoparticle 6 and a coating 8. In 
one embodiment, when embedding nanofillers in a polymer matrix, it mav be desirable to coat 
the filler particles with a related monomer. When mixing nanofillers into a ceramic matrix, pre- 
coating can be done bv fomiing a ceramic layer around the nanoscale filler particle during or 
after the synthesis of the nanoscale filler, bv methods such as partial oxidation, nitridation. 
carborization. or boronation. In these methods, the nanostructured filler is exposed to a small 
concentration of a precursor that reacts with the surface of the filler to form a ceramic coating. 
For example, a particle mav be exposed to oxygen in order to create an oxide coating^ to 
ammonia in order to create a nitride coating, to borane to create a boride coating, or to methane 
to create a carbide coating. It is important that the amount of precursor be small, to prevent 
thermal runaway and consequent conversion of the nanostructured filler into a ceramic particle. 

In case of polymer matrix, the filler can be coated with a polymer or a monomer bv numerous 
methods, for example, surface coating in-situ. spray drying a dispersion of filler and polymer 
solution, co-polvmerization on the filler surface, and mel t spinnin g followed bv milling. A 
preferred method is surface coating in-situ. In this process, the filler is first suspended in 
demineralized water (or another solvent) and the suspension's pH is measured. The pH is then 
adjusted and stabilized with small addition of acid (e.g.. acetic acid or dilute nitric acid) or base 
(e.g., ammonium hydroxide or dilute sodium hydroxide). The pH adjustment produces a charg ed 
state on t he surface of the filler. Once a desired pH has been achieved, a coating material (for 
example, a polymer or other appropriate precursor^ with opposite charge is introduced into the 
solvent. This step results in coupling of the coating material around the nanoscale filler and 
formation of a coating laver around the nanoscale filler. Once the laver has formed, the filler is 
removed fi-om the solvent bv drying, filtration, centrifiigati on. or anv other method appropriate 
for solid-liquid separation. This technique of coating a filler with another material using surface 
charge can be used for a variety of organic and inorganic compositions. 

When a solvent is used to apply a coating as in the in-situ surface coating method described 
above, the matrix mav also be dissolved in the solvent before or during coating, and the final 
composite formed bv removing the solvent. 

A very wide range of material properties can be engineered bv the practice of the invention. For 
example, electrical, m agnetic, optical, electrochemical, chemical, thermal, biomedical, and 
tribological properties can be varied over a wider range than is possible using prior art micron- 
scale composites. 

Nanostructured fillers can be used to lower or raise the effective resistivity, effective 
permittivity, and e ffective permeability of a polymer or ceramic matrix. While these effects are 
present at lower loadings, thev are expected to be most pronounced for filler loadings at or above 
the percolation limit of the filler in the matrix (i.e.. at loadings sufficiently high that electrical 
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continuity exists between the filler particles! Other electrical properties which may be 
engineered include breakdown voltage, skin depths curie temperature, temperature coefficient of 
electrical property, voltage coefficient of electrical property, dissipation factor, work function, 
band gap, electroma^etic shielding effectiveness and degree of radiation hardness. 
Nanostructured fillers can also be used to engineer magnetic properties such as the coercivitv. B- 
-H product, hysteresis, and shape of the B--H curve of a matrix. 

An important characteristic of optical material is its refractive index and its transmission and 
reflective characteristics. Nanostructured fillers may be used to produce composites with 
refi-active index engineered for a particular application. Gradient lenses may be produced using 
nanostructured materials. Gradient lenses produced from nanostructured composites may reduce 
or eliminate the need for polishing lenses. The use of nanostructured fillers mav also help filter 
specific wavelengths. Furthermore, a key advantage of nanostructured fillers in optical 
applications is expected to be their enhanced transparency because the domain size of 
nanostructured fillers ranges from about the same as to more than an order of magnitude less 
than visible wavelengths of light. 

The high surface area and small grain size of nanofilled composites make them excellent 
candidates for chemical and electrochemical applications. When used to form electrodes for 
electrochemical devices, these materials are expe cted to si gnificantly improve performance, for 
example bv increasing power density in batteries and reducing minimum operating temperatures 
for sensors. (An exam ple of the latter effect can be found in copending and commonly assigned 
U.S. application Ser. No. 08/739.257. "Nanostructured Ion Conducting Solid Electrolytes." bv 
Yadav. et al. now U.S. Pat. No. 5. 905.000V Nanostructured fillers are also expected to modify 
the chemical properties of composites. These fillers are catalyticallv more active, and provide 
more interface area for interacting with diffusive species. Such fillers may, for example, modify 
chemical stability and mobility of diffusing gases. Furthermore, nanostructured fillers may 
enhance the chemical properties of propcUants and fiiels. 

Many nanostructured fillers have a domain size comparable to the typical mean fi-ee path of 
phonons at moderate temperatures. It is thus anticipated that these fillers mav have dramatic 
effects on the thermal conductivity and thermal shock resistance of matrices into which they are 

incorporated. 

Nanostructured fillers-in coated and uncoated form-~and nanofilled composites are also 
expected to have significant value in biomedical applications for both humans and animals. For 
example, the small size of nanostructured fillers may make them readily transportable through 
pores and capillaries. This suggests that the fillers mav be of use in d eveloping novel time- 
release drugs and methods of administration and deUverv of drugs, markers, and medical 
materials. A polvmer coating can be utilized either to make water-insoluble fillers into a form 
that is water soluble, or to make water-soluble fillers into a form that is water insoluble. A 
polvmer coating on the filler mav also be utilized as a means to time drug-release from a 
nanoparticle. A polymer coating mav further be used to enable selective filtering, transfer, 
capture, and removal of species and molecules from blood into the nanoparticle. 
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A nanoparticulate filler for biomedical operations might be a carrier or support for a drug of 
interest, participate in the drug's functioning, or might even be the drug itself. Possible 
administration routes include o ral, topical, and injection routes. Nanoparticulates and 
nanocomposites mav also have utility as markers or as carriers for markers. Their unique 
properties, including high mobility and unusual physical properties, make them particularly well- 
adapted for such tasks. 

In some examples of biomedical functions, magnetic nanoparticles such as ferrites may be 
utilized to carry druRS to a region of interest, where the particles mav then be concentrated using 
a magnetic field. Photocatalvtic nanoparticles can be utilized to carry drugs to region of interest 
and then photoactivated. Thermally sensitive nanoparticles can similarly be utilized to transport 
drugs or markers or species of interest and then thermally activated in the region of interest. 
Radioactive nanoparticulate fillers mav have utility for chemotherapy. Nanoparticles suitably 
doped with genetic and culture material mav be utilized in similar way to deHver therapy in 
target areas. Nanocomposites mav be used to assist in concentrating the particle and then 
providing the therapeutic action. To illustrate, magnetic and photocatalvtic nanoparticles mav be 
formed into a composite, administered to a patient, concentrated in area of interest using 
magnetic fie ld, and fi nally activated using photons in the concentrated area. As markers^ 
nanoparticulate fillers-coated or uncoated-mav be used for diagnosis of medical conditions. For 
example, fillers may be concentrated in a region of the body where they mav be viewed bv 
magnetic resonance imaging or other techniques. In all of these applications, the possibility 
exists that nanoparticulates can be released into the body in a controlled fashion over a long time 
period, bv implanting a nanocomposite material having a bioabsorbable matrix, which slowly 
dissolves in the body and releases its emb edded filler. 

As implants, nanostructured fillers and composites are expected to lower wear rate and thereby 
enhance patient acceptance of surgical procedures. Nanostructured fillers mav also be more 
desirable than micron-scale fillers^ because the possibility exists that their domain size may be 
reduced to low enough levels that they can easily be removed bv norm al kidney action without 
the development of stones or other adverse side effects. While nanoparticulates mav be removed 
naturally through kidney and other organs, they mav also be filtered or removed externally 
through membranes or otherwise removed directly from blood or tissue. Carrier nanoparticulates 
may be reactivated externally through membranes and reused: for example, nutrient carriers mav 
be removed from the bloodstream, reloaded with more nutrients, and returned to carry the 
nutrients to tissue. The reverse p rocess m av also be feasible, wherein carriers accumulate waste 
products in the body, which are removed externally, returning the carriers to the bloodstream to 
accumulate more waste products . 

Without limiting the scope of this invention, some exemplary methods which can be used to 
produce non-stoichiometric materials, are 

Method 1 : Start with submicron powders, preferably nanopowders. Transform the powders into a 
non-stoichiometric form by one or more of the following techniques— heating in inert 
atmosphere, heating in oxidizing atmosphere, heating in reducing atmosphere, solvent extraction, 
chemical reaction, electrochemical transformation, electromagnetic field treatment, ion beam 
treatment, electron beam treatment, photonic treatment, rapid quench, plasma treatment, nuclear 
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radiation, supercritical phase treatment, biological treatment, or a combination of one or more 
techniques. Utilize the non-stoichiometric material so obtained. It may be desirable to sinter the 
non-stoichiometric powders into a solid. It may further be desirable to reconvert the non- 
stoichiometric material to a stoichiometric form. 

Method 2: Produce non-stoichiometric powders, preferably nanopowders directly with 
techniques such as those taught in commonly assigned U.S. Pat. No. 5,788,738. Utilize the non- 
stoichiometric powders so obtained. For example, sinter and process them as appropriate. 
Finally, if desired, convert them to stoichiometric form. 

Method 3: Mix nanoscale powders of a material and at least one of its components in a desired 
ratio and heat the combination in an inert or other appropriate atmosphere to a temperature that 
completes the solid state reaction. The material may comprise metallic, semimetallic, or non- 
metallic components, or any combination thereof It may be possible to heat the materials in a 
reactive atmosphere to further control the ratio desired among the components in the final 
product. Utilize the non-stoichiometric substance so obtained. 

Method 4: Add a dopant element with a valency different than one of the electropositive 
constituents in the substance in which non-stoichiometry is to be engineered. Heat the mix to a 
temperature greater than the solid state reaction temperature for a time that enables intermingling 
of the dopant element and the primary electropositive constituent. The objective in this procedure 
is to induce non-stoichiometry in a given substance because the distribution of secondary 
element introduces equivalent vacancies in the lattice of the substance. 

Optimizing a Non-Stoichiometric Material 

This invention enormously multiplies the number of novel substance alternatives available for 
producing devices and products. A preferred embodiment of this invention is to optimize the 
composition of the non-stoichiometric substances for best performance. Such optimization may 
be accomplished by methods known in the art and by parallel search approaches such as the 
combinatorial search method taught by us in U.S. patent application Ser. No. 09/153,418 and by 
U.S. Pat. No. 5,776,359, both of which are incorporated by reference herein. One embodiment is 
to prepare samples of non-stoichiometric materials having different compositions and to evaluate 
the properties of the prepared samples. The material with the best performance is selected as 
having the preferred composition. Another embodiment is to prepare samples of non- 
stoichiometric materials having different compositions, process these samples into products, and 
evaluate each product*s performance. Finally, the nanostructured non-stoichiometric material 
composition that gives the best performing product is selected as the preferred composition. In 
yet another embodiment, a product is prepared from a non-stoichiometric substance and the non- 
stoichiometry varied in-situ until the performance of the product is optimized with respect to the 
desired specifications. Other methods may be utilized to select the best composition, hi all cases, 
it is important to consider all possible performance, environmental, and economic requirements 
of the product before a selection decision is made. 

While the above approaches teach how to create and produce non-stoichiometric substances, 
useful products can be produced from nanostructured non-stoichiometric substances by 
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techniques and methods aheady known in the art. For example, if a porous body is desired, mix 
the non-stoichiometric powders produced as above with an inert material and reprocess the 
mixture. As appropriate, add a processing step which would remove the inert material using 
techniques such as dissolution, sublimation, evaporation, leaching, chemical reaction, or 
biological action. This can lead to a porous body of nanostructured form. 

If a given non-stoichiometric material is expensive to prepare, one can mix the non- 
stoichiometric powders produced as above with a stoichiometric material and reprocess the 
mixture. This may help reduce the processing costs required in conversion from and to 
stoichiometric form. 

One embodiment of this invention is to use non-stoichiometric forms of materials as precursors 
for combinatorial discovery of materials and related technologies such as those disclosed in our 
commonly assigned U.S. patent application Ser. No. 09/153,418. 

Another embodiment of this invention is to prepare devices from non-stoichiometric substances. 
Devices can be prepared using one of the manufacturing methods used currently in the art or a 
combination thereof Examples of processes which can be used at some stage include but are not 
limited to pressing, extrusion, molding, screen printing, tape casting, spraying, doctor blading, 
sputtering, vapor deposition, epitaxy, electrochemical or electrophoretic deposition, 
thermophoretic deposition, centrifugal forming, magnetic deposition, and stamping. The non- 
stoichiometric material in the device can be porous or dense, thin or thick, flat or curved, covered 
with a barrier or exposed. As already mentioned, with the motivation of improved performance, 
stable performance, reduced costs, or a combination of these, non-stoichiometric materials may 
be converted partially or completely into a stoichiometric form or mixed with stoichiometric 
materials or both after being processed into a device. 

Another embodiment of this invention is to prepare a device from stoichiometric materials and 
then convert the stoichiometric materials into a non-stoichiometric form. For example, a ferrite 
device can be prepared from stoichiometric magnetic materials which can then be transformed, 
partially or completely, into a non-stoichiometric form by heat treating the device in borane, 
ammonia, hydrogen, methane, or silane to form a non-stoichiometric boride, nitride, oxide, 
hydride, carbide, silicide, or a combination thereof. In another example, a sensor or battery 
device can be prepared from stoichiometric electrochemical materials which can then be 
transformed, partially or completely, into a non-stoichiometric form by heat treating the device 
in borane, ammonia, hydrogen, methane, or silane to form a non-stoichiometric boride, nitride, 
oxide, hydride, carbide, silicide, or a combination thereof. In a third example, a display device 
can be prepared from stoichiometric photonic materials which can then be transformed, partially 
or completely, into a non-stoichiometric form by heat treating the device in borane, ammonia, 
hydrogen, methane, or silane to form a non-stoichiometric boride, nitride, oxide, hydride, 
carbide, silicide, or a combination thereofe In above examples in particular, and this embodiment 
in general, the heat treatment can be replaced by chemical methods, pressure, electrical methods, 
ion implantation, or any other method or combination of methods. In addition, a substrate may be 
incorporated into the device. The substrate on which electrodes are formed can be flat or curved, 
flexible or rigid, inorganic or organic, thin or thick, porous or dense. The preferred substrates are 
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those that provide the mechanical properties needed for device hfe greater than the anticipated 
device usage life. 

In some embodiments of the presently claimed invention, it may be desirable that the device be 
electroded. The electrode can be a wire or plate or coil, straight or curved, smooth or rough or 
wavy, thin or thick, solid or hollow, and flexible or non-flexible. For some device designs, for 
example, bead/pellet type device designs, it is preferred that the device is formed directly on the 
electrode wire or plate or coil instead of on a substrate. It is important in all cases that the 
electrode be conductive and stable at the usage temperatures. It is preferred that the electrode 
composition does not react with the non-stoichiometric substance or the environment during the 
manufacture or use of the device. The use of nanostructured forms of non-stoichiometric 
materials offers the benefit of sintering temperatures for devices which are lower than the 
sintering temperatures achievable with coarser grained form. This may enable the use of lower 
cost electrode materials (e.g., copper or nickel instead of gold or platinum). It is preferred that 
the non-stoichiometric form is non-agglomerated and of a form that favors sintering. It is also 
preferred that the melting point of the electrode is higher than the highest temperature to be used 
during the manufacture or use of the device. One of ordinary skill in the art will realize that other 
device architectures can also be used in the presently claimed invention. Furthermore, non- 
stoichiometric form of electrodes can be utilized to improve one or more performance 
parameters of the electrode in the device. Some examples of non-stoichiometric electrode 
substances are NiO.sub.l-x, NiO.sub.l-x N, NiON.sub.l-x, Cu.sub.2 O.sub.l-x, and 
PdAgO.sub.l-x. The method described in this specification for preparing non-stoichiometric 
ceramics may be utilized for preparing non-stoichiometric electrode as well. 

The device can be produced from various non-stoichiometric compositions, including ceramics, 
metals and alloys, polymers, and composites. The non-stoichiometric ceramics include but are 

not limited to binary, ternary, quaternary, or polyatomic forms of oxides, carbides, nitrides, 
borides, chalcogenides, halides, silicides, and phosphides. The invention also includes non- 
stoichiometric forms of ceramics, undoped and doped ceramics, and different phases of the same 
composition. 

Metals and alloys such as those formed from a combination of two or more of s group, p group, d 
group and f group elements may be utilized. The invention includes non-stoichiometric forms of 
alloys, undoped and doped metals and alloys, and different phases of the same composition. 
Polymers of non-stoichiometric formulations include but are not limited to those with functional 
groups that enhance conductivity. Specific examples include but are not limited to non- 
stoichiometric composites with stoichiometric polymers, defect conducting polymers, and ion- 
beam treated polymers. One of ordinary skill in the art will realize that other polymers, such as 
metal-filled polymers or conducting ceramic-filled polymers, can also be used. 

Device miniaturization is also a significant breakthrough that the presently claimed invention 
offers through the use of nanostructured non-stoichiometric materials. Existing precursors that 
are used to prepare devices are based on micron-sized powders. The mass of the device depends 
in part on the powder size because the device thickness cannot be less than a few multiples of the 
precursor powder size. In a multilayer device, each layer cannot be less than a few multiples of 
the precursor powder size. With nanostructured powders, the active element size and therefore its 
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mass can be reduced significantly. For example, everything else remaining the same, the mass of 
a device can be reduced by a factor of 1000 if 10 nanometer powders are used instead of 10 
micron powders. This method of reducing mass and size is relevant to devices in the electronics, 
electrical, magnetic, telecommunication, biomedical, photonic, sensors, electrochemical, 
instruments, structural, entertainment, education, display, marker, packaging, thermal, acoustic, 
and other industries. The presently claimed invention teaches that nanostructured non- 
stoichiometric powders are preferred to reduce the mass and size of a device. 

EXAMPLES 

Example 1 

Indium Tin Oxide Fillers in PMMA 

A stoichiometric (90 wt % ln203 in Sn0.sub.2'> indium tin oxide QTO) nanopowder was 
produced using the methods of copending patent application Ser. No. 09/046,465. 50 g of indium 
shot was placed in 300 ml of glacial acetic acid and 10 m l of nitri c acid. The combination, in a 
1000 ml Erlenmeyer flask, was heated to reflux while stirring for 24 hours. At this point. 50 ml 
of HNO.sub.3 was added, and the mixture was heated and stirred overnight. The solution so 
produced was clear, with all of the indium metal dissolved into the solution, and had a total final 
volume of 318 ml. An equal volume (318 mD of 1-octanol was added to the solution along with 
600 niL ethvl alcohol in a 1000 mL HDPE bottle, and the resulting mixture was vigorously 
shaken. 1 1 .25 ml of tetrabutvltin was then stirred into the solution to pr oduce a clea r indium/tin 
emulsion. When the resulting emulsion was burned in air, it produced a brilliant violet flame. A 
vellow nanopowder residue was collected from the flamed emulsion. The nanopowder surface 
area was 13.5 m.sup.2 /gm. and x-rav diffractometer mean grain size was 60 nm. 

FIG. 2 shows the measured X-ray diffraction fXRD^ spectrum for the powder, and FIG. 3 shows 
a scanning electron microscope (SEM image of the powder. These data show that the powder 
was of nanometer scale. 

The nano structured powder was then mixed with polv(methvl methacrvlate) (PMMA) in a ratio 
of 20 vol % powder to 80 vol % PMMA. The powder and the polvmer were mixed using a 
mortar and pestle, and then separated into three parts, each of which was pressed into a pellet. 
The pellets were pressed bv using a Carver hydraulic press, pressing the mixture into a 1/4 inch 
diameter die using a 1500 pound load for one minute. 

After removal from the die, the phvsical dimensions of the pellets were measured, and the pellets 
were electroded with silver screen printing paste (Electro Sciences Laboratory 9912-FV 

Pellet resistances were measured at 1 volt using a Megohmmeter/IR tester 1865 from OuadTech 
with a Oua dTech component test fixture. The volume resistivitv was calculated for each pellet 
using the standard relat ion. ##EOUl## 

where .rho. rep res ents volume resistivitv in ohm-cm. R represents the measured resistance in 
ohms. A represents the area of the electroded surface of the p ellet in cm.sup.2. and t represents 
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the thickness of the pellet in cm. The average volume resistivity of the stoichiometric ITO 
composite pellets was found to be 1.75.times.l0.sup.4 ohm-cm. 

Another quantity of ITO nanopowder was produced as described above, and was reduced bv 
passing 2 SCFM of forming gas (5% hydrogen in nitrogen) over the powder while ramping 
temperature from 25.degree. C. to 250.degree. C, at S.degree. C7min. The powder was held at 
25Q.degree. C. for 3 hours, and then cooled back to room temperature. The XRD spectrum of the 
resuhing powder indicated that the stoichiometrv of the reduced powder was 

In.sub.18 SnO.sub.29-x. with x i^reater than 0 and less than 29. 

The reduced ITO nanopowder was combined with PMMA in a 20:80 volume ratio an d formed 
into pellets as described above. The pellets were electroded as described, and their resistivity was 
measured. The average resistivity for the reduced ITO composite pellets was found to be 
1.09.times.l Q.sup.4 ohm-cm. 

For comparison, micron scale ITO was purchased from Alfa Aesar (catalog number 363481 and 
was formed into pellets with PMMA and electroded as described above. Again, the volume 
fraction of ITO was 20%. The average measured resistivity of the micron scale ITO composite 
pellets was found to be 8. 26. times. 10. sup. 8 ohm-cm, representing a difference of more than four 
orders of magnitude from the nanoscale composite pellets. It was thus established that 
composites incorporating nanoscale fillers can have unique properties not achievable by prior art 
techniques. 

Example 2 

Hafiiium Carbide Fillers in PMMA 

Nanoscale hafnium carbide fillers were prepared as described in copending U.S. patent 
applications Ser. Nos. 08/706.819 and 08/707.341. The nanopowder surface area was 53.5 
m.sup.2 /gm. and mean grain size was 16 nm. Micron scale hafnium carbide powder was 
purchased fi-om Cerac (catalog number H-1004) for comparison. 

Composite pellets were produced as described in Example 1. bv mixin g filler and polvmer with a 
mortar an d pestle and pressing in a hydraulic press. Pellets were produced containing either 
nanoscale or micron scale powder at three loadings: 20 vol % powder. 50 vol % powder, and 80 
vol % powder. The pellets were electroded as described above, and their resistivities were 
measured. (Because of the high resistances at the 20% loading, these pellets' resistivities were 
measured at lOOV. The other pellets were measured at IV. as described in Example IV 

Results of these resistivity measurements are summarized in Table 1. As can be seen^ the 
resistivity of the pellets differed substantially between the nanoscale and micron scale powders. 
The composites incorporating nanoscale powder had a somewhat decreased res istivity compared 
to the micron scale powder at 20% loading, but had a dramatically increased resistivity compared 
to the micron scale powder at 50% and 80% loading. 
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TABLE 1 Volume % Resistivity of nanoscale Resistivity of micron scale filler powder 
composite fohm-cm'l po wder composite rohm-cml 20 5.54 .times. 10.sup.l2 7.33 .times. 
10.sup.13 50 7.54 .times. lO.sup.9 2.13 .times. lO.sup.4 80 3.44 .times. lO.sup.9 1.14 .times. 
1Q-SUP.4 

Example 3 

Copper Fillers in PMA and PVA 

Nanoscale copper powders were produced as described in U.S. patent applications Ser. Nos. 
08/706.8 19 and 08/707.341. The nanopower surface area was 28.1 m2/gm. and mean grain size 
was 22 nm. Micron scale copper powder was purchased fi-om Aldrich (catalog number 32645-3^ 
for comparison. 

The nanoscale and micron scale copper powders were each mixed at a loading of 20 vol % 
copper to 80 vol % PMMA and formed into pellets as described above. In addition, pellets 
having a loading of IS vol % copper in polyfvinvl alcohoH fPVA) were produced bv the same 
method, the pellets were electroded and resistivities measured at 1 volt as described in Example 
1 . Results are shown in Table 2. 

TABLE 2 Volume % Volume Resistivity Additive Polvmer filler rohm-cm'l nanoscale copper 
PMMA 20 5M .times, 10,3up.l0 nanpgcale copper PVA 15 4,59 .times, lQ.Sup.5 micron gc^le 
copper PMMA 20 4.19 .times. 10.sup.l2 

It can be seen from Table 2 that the resistivity of the nanoscale copper powder/PMMA 
composite was substantially reduced compared to the micron scale copper powder/PMMA 
composite at the same loading, and that the resistivity of the nanoscale copper powder/PVA 
composite was lower still bv five orders of magnitude. 

Example 4 

Preparation of Polvmer-Coated Nanostructured Filler 

The stoichiometric f90 wt % In.sub.2 O.sub.3 in SnO.sub.2^ indium tin oxide riTQ) nanopowder 
of Example 1 was coated with a polvmer as follows. 

200 milligrams of ITO nanopowders with specific surface area of 53 m.sup.2 /gm were added to 
200 ml of demineraHzed water. The nH of the suspension was adjusted to 8.45 using ammonium 
hydroxide. In another container. 200 milligrams of polvf methyl methacrvlate^ TPMMA) was 
dissolved in 200 ml of ethanol. The PMMA solution was warmed to lOO.degree. C. while being 
stirred. The ITO suspension was added to the PMMA solution and the stirring and temperature of 
lOO.degree. C. was maintained till the solution reduced to a volume of 200 ml. The solution was 
then coole d to roo m temperature to a very homogenous solution with very light clear-milkv 
color. The optical clarity confirmed that the powders are still nanostructured. The powder was 
dried in oven at 12Q.degree. C. and its weight was measured to be 400 milligrams. The increase 
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in weight uniformity of morphology and the optical clarity confirmed that the nanopowders 
were coated with PMMA polymer. 

The electrochemical properties of polymer coated nanopowders were different than the as- 
produced nanopowders. The as-produced nanopowder when suspended in demineralized water 
yielded a pH of 3.4. while the polymer coated nanopowders had a pH of 7.51. 

Example 5 

Preparation of Electrical Device Using Nanostructured Fillers 

A complex oxide nanoscale filler haying the following composition was prepared: Bi.sub.2 
O.sub.3 (48. 8 wt %\ NiO (24.4 wt %\ CoO (12.2 wt %). Cr.sub.2 O.sub.3 (2 A wt %). MnO 
(12.2 wt %), and Al.sub.2 O.sub.3 (<0.02 wt %). The complex oxide filler was prepared fi'om the 
corresponding nitrates of the same cation. The nitrates of each constituent were added to 200 mL 
of deionized water while constantly stirring. Hydroxides were precipitated with the addition of 
50 drops of 28-30% NH.sub.4 OH. The solution was filtered in a large buchner funnel and 
washed with deionized water and then with ethvl alcohol. The powder was dried in an oven at 
80. degree. C. for 30 minutes. The dried powder was ground using a mortar and pestle. A heat 
treatment schedule consisting of a 1 5. degree. C./min ramp to 350.degree. C. with a 30 minute 
dwell was used to calcine the ground powder. 

The nanofiller was then incorporated at a loading of 4% into a zinc oxide ceramic matrix. The 
composite was prepared bv mechanically mixing the doped oxide nanofiUer po wder with zinc 
oxide powder, incorporating the mixture into a slurry, and screen printing the slurry (further 
described below). For comparison, devices were made using both a nanoscale matrix powder 
produced bv the methods of copending and commonly assigned U.S. application Ser. No. 
08/706.819, and using a micron scale matrix powder purchased from Chemcorp. The fillers and 
the matrix powders were mixed mechanically using a mortar and pestle. 

Using the filler-added micron scale powder, a paste was prepared by mixing 4.0 g of powder 
with 2.1 g of a commercial screen printing vehicle purchased from Electro Science Laboratories 
(ESL vehicle 400). The doped nanoscale powder paste was made using 3.5 g powder and 3.0 g 
ESL vehicle 400. Each paste was mixed using a glass stir rod. Silver-palladium was used as a 
conducting electrode material. A screen with a rectangular array pattern was used to print each 
paste on an alumina substrate. First a layer of s ilver-pall adium powder (the lower electrode) was 
screen printed on th e substrat e and dried on a hot plate. Then the ceramic filled powder was 
de posited, also bv screen printing. Four print-drv cycles were used to minimize the possibility of 
pinhole defects in the varistor. Finally, the upper electrode was deposited. 

The electrode/composite/elec trode vari stor was formed as three diagonally offset overlapping 
squares, as illustrated in FIG. 4. The effective nanostructured-fiUer based composite area in the 
device due to the offset of the electrodes was 0.036 in.sup.2 (0.2315 cm. sup. 2). The green thick 
films were co-fired at 900.degre e. C. for 60 minutes. The screen printed specimen is shown in 
FIG. 4. where light squares 10 represent the silver-palladium electrode s, and dark square 12 
represents the composite laver. 
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Silver leads were attached to the electrodes using silver epoxv. The epoxv was cured bv heating 
at a SO.degree. CVmin ramo rate to 600.degree. C. and then cooling to room temperature at a rate 
of SO.degree. C./min. The TestPoint computer software, in conjunction with a Keithlev.RTM. 
current source, was used to obtain a current-voltage curve for each of the varistors. Testpoint and 
Keithlev are trademarks or registered trademark of Keithlev Scientific Instruments. Inc. 

The electrode/micro n scale matrix composite/electrode based varistor device had a total 
thickness of 29-33 microns and a composite laver thickness of 19 microns. The 
electrode/nanoscale matrix composite/electrode based varistor device had a total thickness of 28- 
29 microns and a composite layer thickness of 16 microns. Examination of current- voltage 
response curves for both varistors showed that the nanostructured matrix varistor had an 
inflection vohage of about 2 vohs. while the inflection voltage of the micron scale matrix 
varistor had an inflection voltaRC of about 36 volts. Fitting the current-voltage response curves to 
the standar d varistor power-law equation 

vielded values of voltage parameter a of 2.4 for the micron-scale matrix device , and 37.7 for the 
nanoscale matrix device. Thus, the nonlinearitv of the device was shown to increase dramaticallv 
when the nanoscale mgtrix ppwdgr was gmplpygd. 

Example 6 

Thermal Battery Electrode Using a Nanostructured Filler 

Thermal batteries are primary batteries ideallv suited for military ordinance, proiectiles. mines^ 
decovs. torpedoes, and space exploration systems, where thev are used as highly reliable energy 
sources with hi^h power density and extremely long shelf life. Thermal batteries have previously 
been manufactured usin g techniques that place inherent limits on the minimum thickness 
obtainable while ensuring adequate mechanical strength. This in turn has slowed miniaturization 
efforts and has limited achievable power densities, activation characteristics, safety, and other 
important performance characteristics. Nanocomposites help overcome this problem, as shown in 
the following example- 
Three grams of raw Fe S.sub.2 powder was mixed and milled with a group of hard steel balls in a 
hig;h energy ball mill for 30 hours. The grain size of produced powder was 25 nm. BET analysis 
showed the surface area of th e nanopo wder to be 6.61 m.su p.2 / gm. The TEM images confirmed 
that the ball milled FeS.sub.2 powder consists of the fine particles with the round shape, similar 
thickness and homogen ous size. The cathode comprised FeS.sub.2 nanopowders f68%l eutectic 
LiCl-KCI r30%) and SiO.sub.2 (2Vo) ffrom Aldrich Chemical with 99% puritvV The eutectic 
salts enhanced the diffusion of Li ions and acted as a binder. Adding silicon oxide particles was 
expected to immobilize the LiCl->KCl salt durin g melting. For comparison, the cathode pellets 
were prepared from na nostructured and micron scale FeS.sub.2 powders separately. 

To improve electrochemical efficiencies and incr ease the melting po int of anode, we chose 
micron sca le Li 44%-Si 56% alloy with 99.5% puritv facauired from Cyprus Foote MineraH as 
the anode material in this work. A eutectic salt. LiCl 45%--KCl 55% Tfrom Aldrich Chemical 
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with 99% puritvV was selected as electrolyte. The salt was dried at 90.degree, C. and fused at 
SOO.degree. C. To strengthen the pellets and prevent flowing out of electrolyte when it melted. 
35% MgQ TAldrich ChemicaL 99% puritvl powder was added and mixed homogeneously with 
thg gytQctic salt powdgr. 

The pellets of anode electrodes were prepared bv a cold press process. A hard steel die with a 20 
mm internal diameter was used to make the thin disk pellets. 0314 grams of Li 44%--Si 56% 
alloy powder (with 76-422 mesh particle size) was pressed under 6000 psi stati c pressure to form 
a pellet. The thickness and density of the pellets so obtained was determined to be 0.84 mm and 
1.25 g/cm.s up.2. respe ctiyely. Electrolyte pellgts were produced using 0.55 grams of blended 
electrolyte powder under 400 0 psi static pressure. The thickness and density of the pellets 
obtained were 0.84 mm and 2.08 g/cm.sup.2 respectiyely. The cathode pellet was prepared using 
0.91 grams of mixed micron scale FeS.sub.2 -LiCl-'KCI— SiO.sub.2 powder pressed under 4000 
psi static pressure. The thickness and density of the pellets obtained were 0.86 mm and 3.37 
g/cm.sup.2. respectively. 

A com puterized SOLARTRON.RTM. 1287 electrochemical interface and a 1260 Gain/Phase 
Analyzer were employed to provide constant current and to monitor variation in potential 
between anode and cathode of cells during the discharging. "Solartron" is a registered trademark 
of the Solartron Electronic Group. Ltd. The cutoff potential of discharge was set at 0.8 volt. The 
thermal battery with the nanocomposite cathode provided 1 A constan t current for 246 seconds, 
until the potential fell to 0.8 volt. It was observed that the power density of the nanostructured 
single cell thermal battery was 100% higher than that achievable with micron sized materials. 
Thus, nanoscale fillers can help enhance the electrochemical performance of such a device- 
Example 7 

A Magnetic Device Using Nanost ructured Ferrite Fillers 

Ferrite inductors were prepared using nanostructured and micron-scale powders as follows. One- 
tenth of a mole ^27. 3 grams^ o f iron ch loride hexahvdrate fFeCl.sub.3 -6H.sub.2 O) was 
dissolved in 500 ml of distilled water along with 0.025 moles (3.24 grams) of nickel chloride 
rNiCl.sub.2) and 0.025 moles (3.41 grams) of zinc chloride fZnCLsub.2\ In another large 
beaker. 25 grams of NaOH was dissolved in 500 ml of distilled water. While stirring the NaOH 
solution rapidly, the metal chloride solution was slowly added, forming a precipitate 
instantan eously. After 1 minute of stirring, the precipitate solution was vacuum filtered while 
frequently rinsing with distilled water. After the precipitate had dried enough to cake and cracky 
it was transferred to a glass dish and allowed to drv for 1 hour in an SO.degree. C. drying oven. 
At this point, the precipitate was ground with a mortar and pestle and calcined in air at 
400.degree. C. for 1 hour to remove any remaining moisture and organics. 

BET analysis of the produced powder yielded a surface area of 1 12 m.sup.2 /g. confirming the 
presence of nanometer-sized individual particles with an estimated BET particle size of 1 1 nm. 
XRD analyses of all na noscale powders showed the formation of a single (Ni. Zn)Fe.sub.2 
O.sub.4 ferrite phase with peak shapes characteristic of nanoscale powders. XRD peak 
broadening calculations reported an average crystallite size of 20 nm of t he thermally quenched 
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powders and 8 nm for the chemically derived powders. SEM-EDX analyses of sintered 
nanopowde r pellets showed an average composition of 14,8% NiO. 15.8% ZnO. and 69.4% 
Fe.sub,2 Q.sub.3, which corresponded to the targeted stoichiometric composition of the 
Ni.sub.0.5 Zn.sub.Q.5 Fe.sub.2 O.sub.4. 

Nanoscale ferrite filler powders were uniaxiallv pressed at 5000 pounds in a quarter-inch 
diameter die set into green pellets. The powders were mixed with 2 weight percent 
Duramax.RTM. binder for improved sinterability. The amo unt of powder used for pressing 
varied from 1.5 to L7 grams, tvpicallv resulting in cylinders having a post-sintered height of 
approximately 1 .5 cm. To avoid cracking and other thermal stress effects, a multi-level heating 
profile was employed. The pellets were fired at a rate of S.degree. C./min to 300.degree. C. 
10. degree. C./min to 600.degree. C. and 20. degree. C./min to the final sintering temperature^ 
where it was held for four hours. Pellets were cooled from the sintering temperature at a rate of 
lO.degree. C./min to ensure the sintering temperature ranged from 900.deRree. C. to ISQO.degree. 
C. but was typically greater than 1200.degree. C. to ensure an acceptable density. Sintered 
pellets were then wound with 25 turns of 36 gauge enamel coated wire, the wire ends were 
stripped, and the completed solenoids where used for electrical characterization. An air coil was 
prepared for the purpose of calculating magnetic properties. This coil was created bv winding 25 
turns of the enamel coated wire around the die plunger used previously. This coil was taped with 
masking ta pe, slid off the plunger sl owly to maintain shape and characteristics, and was 
characterized along with the ferrite solenoids. 

Irtductance characterization was performed with a Hewlett-Packard 429A RF 
Impedance/Materials Analyzer. Impedance, parallel inductance, q factor^ and impedance 
resistance were measured over a logarithmic frequency sweep starting at 1 MHz and ending at 
1.8 GHz. Values for permeability (.mu.^l and loss factor (LF) were calculated from mductance 
(L\ air coil inductance rL.sub.o). and impedance resistance (R) using the following equations: 
##EOU2## 

Resistivity measurements were made with a Keithlev.RTM . 2400 SourceMeter using a four-wire 
probe attachment and TestPoint.TM. data acquisition software. Voltage was ramped from 0.1 to 
20 volts w hile sim ultaneously measuring current. The results were p l otted as field (voltage 
divided bv pellet thickness^ versus current density (current divided bv electrode cross sectional 
areaV The slope of this graph gives material resistivity (shoX 

Table 3 s ummarizes electrical properties of inductors prepared from micron-sized powder or 
from nanopowder. hi most cases there is an advantage to using nanosc ale precursor powder 
instead of micron-sized powder. It is important to keen in mind that all measurements were taken 
from cylindrical devices, which have inherently inefficient magnetic properties. Solenoids of this 
shape were used in this study because of the ease of production and excellent reproducibility. AH 
measured properties would be expected to improve with the use of higher magnetic efficiency 
shapes suc h as cores or toroids. or bv improving the aspect ratio (length divided bv diameter! of 
the cylindrical samples. 
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TABLE 3 Micron Nano Micron Nano Loss Facto r (a). 1 MHz Critical Frequency Average 0.0032 
0.0025 Average 68.9 MHz 78.3 MHz O Factor (a). 1 MHz Resistivity Average 37.2 52.2 Average 
0.84 M.OMEGA. 33.1 M.OMEGA. 



The inductors made from ferrite nanopowders exhibited siepiiFicantlv higher Q-factor. critical 
resonance freauencv^ and resistivity. They also exhibited more than 20% lower loss factor as is 
desired in commercial applications. 

Example 8 

Tungsten Oxide 

Ammonium meta-tu ngstate (55 ^ was placed in a 500 ml beaker with ethylene glycol 0 00 mL). 
This mixture was stirred to form a clear solution. While sti rring;. 500 mL of iRepal.RTM.. 520- 
CO and 500 mL of naphtha were added to the solution^ yielding a clear emulsion tungstate/glvcol 
solution Tpolar phase) in naptha faon-polar phase). The Igepal.RTM. 520-CO served as an 
emulsifying agent. Igepal is a registered trademark of Rhone-Poulenc Surfactants and 
Specialties. L.P. 

Combustion of the emulsion produced an incandescent flame. A yellow powder, characteristic of 
tungsten oxide, was visible depositing within the combustion chamber. TEM and SEM 
observations indicated that the powder consisted of particles with both eauiaxed f<100 nm) and 
acicular mor phologies (e.g.. lO.times.lOO nm). and that the powder comprised solely sub-micron 
particles. These particle sizes are corroborated bv X-rav diffraction data, suggesting crystallite 
sizes ranging from 14 to 33 nm for the primary peaks of the hexagonal WO.sub.3 powder, a 
mean minimum domain size of about 25 nm and a standard deviation of about 7 nm. The specific 
surface area as measured bv Brunauer. Emmett. and Teller analysis Tdescribed in more detail in 
Brunauer, et al.. J. Am. Chem. Soc. 60:309. 1938. and hereinafter referred to as BET) was 31.5 
m.sup.2 /g. giving a 30 nm equivalent spherical diameter. The experiment also produced 
WO.sub.3 nanowhiskers and nanorods with aspect ratios ranging from 5 to 15. 

Tungsten-Doped Tin Oxide 

Ammonium meta-tungstate (7.95 g) was placed in a 500 ml beaker with ethylene glvcoUlO mL). 
This mixture was stirred to form a clear solution. While stirring. 200 mL of Ige pal.RTM. 520- 
CO and 200 mL of naphtha were added to the solution, yielding a clear emulsion tungstate/glvcol 
solution (polar phas e) in napt ha (non-polar phase). The Igepal.RTM. 520-CO served as an 
emulsifying agent. Tet rabutvl tin (98.37 g) was added to the solution and naphtha was added to 
make a 700 mL volume. 

Flaming of the emulsion produced an incandescent flame. A steel-blue powder was collected and 
characterized. The powder consists of faceted and eauiaxed particles ranging from 10 to 75 nm 
showing solely sub-micron powder. Both nanowhiskers and eauiaxed particles are present. The 
aspect ratios of the nanowhiskers were in the range of 3-20. Crystallite sizes as measured bv X- 
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ray diffraction range from 20 to 30 nm for the primary peaks of the SnO.sub.2 powden and there 
are no apparent secondary phases attributable to tungsten. The mean minimum domain size as 
calculated from the XRD data was about 27 nm and the standard deviation was estimated to be 
about 10 nm. The presence of tungsten was confirmed by X-Ra y Electron Diffraction 
Spectroscopy TXEDS^ both in the SEM and the TEM. The BET specific surface area was 35 
m.sup.2 /g> gjying an equivalent spherical diameter of about 20-30 nm. 

Example 10 

Copper Doped Nickel Zinc Ferrite 

Commercially purchased metal-carboxvlate emulsions (OMG Americas. Westlake. Ohio) were 
combined to f onn a clear emulsified solution that would yield the appropriate metal ratios to 
synthesize 300 e of the oxide. Flaming of the emulsion produced a brilliant incandescent flame. 
A chocolate-brown powder was collected and characterized. XRD data yielded crystallite sizes 
in the ran ge of 20-40 nm, and indicated that the powder was a phase-pure spinel ferrite. The 
presence of all constituent elements was confirmed by XEDS in the SEM. The mean particle size 
of the powder was about 29 nm and the standar d deviation was about 8 nm. 

Example 11 

Zinc 

Commercially available zinc powder (-325 mesh) was used as the precursor to produce nanosize 
zinc powder. Feed zinc powder was fed into the thermal reactor suspended in an argon stream 
(argon wa s used as the plasma gas: the total argon flow rate was 2.5 ft.sup.3 /mm). The reactor 
was inductively heated with 16 kW of RF plasma to over 5.000K in the plasma zone and about 
3.000K in the extended reactor zone adjacent the converging portion of the nozzle. The 
vaporized stream was quenched through the converging-diverging nozzle. The preferred pressure 
drop across the nozzle was 250 Torr. but useful results were obtained at different p ressu re drops, 
ranging from 100 to 550 Torr. After undergoing a pressure drop of 100 to 550 Torr through the 
convergin g-diverg ing nozzle, the powder produced was separated from the gas bv means of a 
cooled copper-coil-based impact filter followed bv a screen filter. The nanosize powder 
produced bv the invention were in the 5-25 nanometer range. The size distribution was narrow, 
with a mea n size of approximately 15 nm and a standard deviation of about 7.5 nm. 

Example 12 

Iron-Titanium Intermetallic 

2-5 micron powders of iron and 10-25 micron powders of titanium were mixed in 1:1 molar ratio 
and fed into the thermal reactor suspended in an argon stream Ttotal gas flow rate, including 
plasma gas, was 2.75 ft.sup.3 /min). The reactor was inductively heated with 18 kW of RF 
plasma to over 5.00 0K in th e plasma zone and above 3.000K in the extended reactor zone 
adiacent the converging portion of the nozzle. The vaporized stream was quenched through the 
converging-diverging nozzle. The preferred pressure drop across the nozzle was 250 Torr. but 
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useful results were obtained at different pressure drops, ranging from 100 to 550 Torr. After 
undergoing a pressure drop of 100 to 550 Torr through the converging-diverging nozzle, the 
powder produced was separated from the gas b y means of a cooled copper-coil-based impact 
filter followed bv a screen filter. The nanopowders produced by the invention were in the 10-45 
nanomet er range. The size distribution was narrow, with a mean size of approximately 32 nm 
and a standard deviation of about 13.3 nm. 

Example 13 

Tungsten Oxide 

Commercially available tungsten oxide powder ^-325 mesh sizel was used as the precursor to 
produce nanosize WO. sub. 3. The tungsten oxide powder was suspended in a mixture of argon 
and oxygen as the teed stream (flow rates were 2.25 ft.sup.3 /min for argon and 0.25 ft.sup.3/min 
for oxygenY The reactor was inductively heated with 18 kW of RF plasma to over S.OOQK in the 
plasma zone and about 3.000K in the extended reactor zone adjacent the converging portion of 
the nozzle. The vaporized stream was quenched through the converging-diverg ing nozzle. The 
preferred pressure drop across the nozzle was 250 Torr. but useful results were obtained at 
different pressure drops, ranging from 100 to 550 Torr. Aft er undergoing a pressure drop of 100 
to 550 Torr through the converging-diverging nozzle, the powder produced was separated from 
the gas by means of a cooled copper-coil-based impact filter followed bv a screen filter. The 
powder produced bv the invention were in the 10-25 nanometer range. The size distribution was 
narrow, with a mean size of about 1 6.1 nm and a standard deviation of about 6.3 nm. 

Example 14 

Cerium Q^ide 

Commercially available cerium oxide powder (5-10 micron size) was used as the precursor to 
produce na nosize CeO.sub.2. The cerium oxide powder was suspended in a mixture of argon and 
oxygen as the feed stream fat total rates of 2.25 ft.sup.3 /min for argon and 0.25 ft.su p.3 /min for 
oxygenV The reactor was inductively heated with 18 kW of RF plasma to over 5.000K in the 
plasma zone and about 3.0Q0K in the extended reactor zone adjacent the converging portion of 
the nozzle. The vaporized stream was quenched through the converging-diverging nozzle. The 
preferred pressure drop across the nozzle was 250 Torr. but useful results were obtained at 
different pressure drops> ranging from 100 to 650 Torr. The powder p roduced was separajed 
from the g as bv means of a coole d cop per-coil-based impact filter followed bv a screen filter. 
The powder produced bv the invention was in the 5-25 nanometer range. The size distribution 
was narrow, with a mean size of ab out 18.6 nm and a standard deviation of about 5.8 nm. 

Example 15 

Silicon Carbide 

Commercially available silicon carbide powder (-325 mesh sizel was used as the precursor to 
produce nanosize SiC. The powder was suspended in argon as the feed stream (total argon flow 
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rate of 2.5 ft>sup.3 /minV The reactor was inductively heated with 18 kW of RF plasma to over 
5.000K in the plasma zone and about 3.00QK in the extended reactor zone adjacent the 
converging portion of the nozzle. The vaporized stream was quenched through the converging - 
divergin g nozzle. The preferred pressure drop across the nozzle was 250 Torr. but useful results 
were obtained at different pressure drops, ranging from 100 to 550 Torr. The powder produced 
was separated from the gas bv means of a cooled copper-coiUbased impact filter followed bv a 
screen filter. The SiC p owder produced bv the invention were in the 10-40 nanometer range. The 
size distribution was narrow, with a mean size of approximately 28 nm and a standard deviation 
Qf about nm, 

Example 16 

Molybdenum Nitride 

Commercially available molybdenum oxide rMoO.sub.3) powder ^325 mesh size^ was used as 
the precursor to produce nanosize Mo. sub. 2 N. Argon was used as the plasma gas at a feed rate 
of 2.5 ft.sup.3 /min. A mixture of a mmonia and hydrogen was used as t he reactant ^ases 
fNH.sub.3 at 0.1 ft.sup.3 /min: H.sub.2 at 0.1 ft.sup.3 /min). The reactor was inductively heated 
with 18 kW of RF plasma to over 5.000K in the plasma zone and about 3.000K in the extended 
reactor zone adjacent the converging portion of the nozzle. The vaporized stream was quenched 
through the converg ing-diver ging nozzle. The preferred pressure drop across the nozzle was 250 
Torr. but useful results were obtained at different pressure drops, ranging from 100 to 550 Torr. 
The powder produced was separated from the gas bv means of a cooled copper-coil-based impact 
filter followed bv a screen filter. The Mo. sub. 2 N powder produced bv the invention was in the 
5-30 nanometer range. The size distribution was narrow, with a mean size of about 14 nm and a 
standard deviation of about 4.6 nm. 

Example 17 

Nickel Boride 

10-50 micron powder of nickel boride were fed into the thermal reactor with argon (fed at a total 
rate, including plasma gas, of 2.75 ft.sup.3 /min\ Once again, the reactor was inductively heated 
with 18 kW of RF plasma to over 5. 000K in the plasma zone and about 3.000K in the extended 
reactor zone adjacent the converging portion of the nozzle. The vaporized stream was quenched 
through the converging-diverging nozzle. The preferred pressure drop across the nozzle was 250 
Torr. but useful results were obtained at different pressure drops, ranging from 100 to 550 Torr. 
The powder produced was separate d from the gas bv means of a cooled copper-coil-based impact 
filter followed bv a screen filter. The Ni.sub.3 B powder produced bv the invention was in the 10 
to 30 nanometer range. The size distribution was narrow, with a mean size of about 12.8 nm and 
a standard deviation of about 4.2 nm. 

Example 18 

Processing of Materials 
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Densification of powders, or sintering, is essentially a process of removing the pores between the 
starting particles, combined with growth and strong bonding between adjacent particles. The 
driving force for densification is the free-energy change, or more specifically, the decrease in 
surface area and lowering of the free energy. 

Among the processing variables that may affect the densification process, the particle size of the 
starting powder is one of the most important variables. In solid-state processes, assuming that the 
matter transport is controlled by lattice diffusion, the volume change of the material with respect 
to time during sintering can be related to processing variables as follows: ##EQU+1## 

In this equation, V.sub.o and _V are the initial volume and volume change of the target during 
densification, respectively; T is the sintering temperature; t the sintering time; k the Boltzman 
constant, D.sup.o the self-diffusivity, .gamma, the surface energy of the particle, a.sup.3 the 
atomic volume of the diffusing vacancy, and r the radius of the particle of the starting powder. 

As we can see from the above equation, the sintering time needed to achieve a specific degree of 
densification is proportional to the cube of the particle size of the starting powder. Given the 
same sintering temperature and starting material, the densification rate can be increased 
drastically by using 100 nm sized powders instead of 10 nm sized powders. Alternatively, to 
obtain the same densification or to prevent the decomposition of a fragile material at high 
temperatures, sintering can be conducted at lower temperature with nanostructured powders. 
Thus, nano-sized materials can also significantly decrease the sintering temperatures currently 
used for micrometer-sized powders. From a commercial viewpoint, the energy savings from 
lower processing temperatures and the reduction of processing times can be substantial. 

Another beneficial effect of using nano-sized powders is that, because of high surface area and 
surface diffusivity, nano-sized composites may be sintered without impurity inducing sintering 
aids, resulting in more reliable sintered products which exhibit enhanced service temperatures 
and high temperature strength. Other anticipated benefits described below include commercially 
attractive processing times and temperatures, lowered inventory costs, use of lower cost 
precursors, and the ability to sinter devices at temperatures that prevent undesirable secondary 
reactions or transformations during device fabrication. While this application prefers the use of 
nanopowders, the teachings herein can be applied to submicron and larger non-stoichiometric 
powders. 

For example, put the non-stoichiometric material in a die and press the material to green 
densities of 40% or higher. Alternatively, use injection molding, CIP, HIP, electrophoretic, 
magnetophoretic, coatings, gel casting, dip coating, precipitation, thick film forming, molding, 
screen printing, extrusion, and any of techniques known in the art to form a body from the non- 
stoichiometric nanopowder prepared. Next, sinter the prepared body using a temperature, time, 
atmosphere, and electromagnetic field sufficient to reach desired density. If desired, the sintering 
step may be followed by machining or processing the densified form as appropriate. Finally, 
transform the densified and processed non-stoichiometric structure to stoichiometric form. 

The motivation of this approach is explained above and further includes the following: The 
stoichiometric form of M.sub.n/p Z.sub.l-x may be given by x=0 (i.e. M.sub.n/p Z\ the lower 
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bound case of the inequality 0<x<l . When x=l, we get the upper inequality bound and this 
represents the pure element M. It is known to those skilled in the art that the sintering 
characteristics of M and M.sub.n/p Z are very different. Often, M is easier to consolidate and 
sinter than M.sub.n/p Z. Thus, the use of M.sub.n/p Z.sub.l-x is anticipated to offer performance 
intermediate to M and M.sub.n/p Z. From a thermodynamic point of view, the unusual interfacial 
free energies of non-stoichiometric forms can allow the use of more commercially attractive 
sintering conditions (i.e. temperature, time, field, and atmosphere) to produce the product of 
interest. Also, by utilizing the non-stoichiometric form M.sub.n/p Z.sub.l-x, the unusual 
properties of the non-stoichiometric form can be beneficially applied to produce useful objects 
fi-om powders or porous bodies. 

For example, in the case of Ti and TiO.sub.2, the sintering temperatures for metal and metal 
oxide are very different. Metals are easier to sinter and process metals than ceramics. It is 
expected that the sintering characteristics of a material form intermediate to the two extremes 
(x=0 and x=l) would also be different, in a linear or non-linear manner, than the two extremes. It 
is anticipated that non-stoichiometric forms of titania will be more reactive, that vacancies will 
assist pore volume reduction, and that these will reduce the time and temperature needed to 
densify a structure. 

Yet another example would be to use non-stoichiometric forms of doped or undoped 
superconductors, ferrites, carbides, borides, nitrides, alloys, and oxides, such as NiO, 
BaTiO.sub.3, ZrO.sub.2, and hafiiia. The melting point of a metal is often less than that of the 
corresponding ceramic form. The use of non-stoichiometric compositions can assist in achieving 
dense forms at lower temperatures or reduce the time needed to densify a material at a given 
temperature. 

In some applications, the unusual properties of non-stoichiometric material may suggest that the 
device be used in a non-stoichiometric form. However, such devices may change their 
performance over time or have other disadvantages. Such problems can be addressed through the 
use of protective coatings, secondary phases, and stabilizers. 

Dense sputtering targets of various compositions can also be prepared using the above method. 
These targets can then be used to prepare thin films for electronic, information storage, optics, 
and various other products. 

The motivation to use these teachings includes commercially attractive processing times and 
temperatures, lowered inventory costs, use of lower cost precursors, and the ability to sinter 
devices at temperatures that prevent undesirable secondary reactions or transformations during 
device fabrication. 

Example 312 

Catalysis 

Nanopowders comprising 75% by weight indium tin oxide (ITO) (mean grain size: 12.9 nm, 60.9 
m.sup.2 /gm) and 25% by weight alumina (mean grain size: 4.6 nm, 56 m.sup.2 /gm) were mixed 
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and pressed into pellets weighing approximately 200 mg. The pellet was reduced in a 100 ml/min 
5% H— 95% At stream at 300.degree. C. for 10 minutes. The yellow pellet became a bluish green 
color. The pellet was exposed to 12% methanol vapor in air (100 ml/min) at about 250.degree. C. 
and the product gases analyzed using Varian 3600 Gas Chromatograph. The gas composition 
analysis indicated that the product gases contained 3400 ppm of hydrogen, suggesting catalytic 
activity from the non-stoichiometric blue green pellet. This is in contrast with the observation 
that the pellet showed no catalytic activity, every thing else remaining same, when the color was 
yellow. The blue green pellet was replaced with a platinum wire and the temperature raised to 
about 250.degree. C. No catalytic activity was detectable for the platinum wire at this 
temperature. These observations suggest that the non-stoichiometric indium tin oxide has unique 
and surprising catalytic properties when contrasted with stoichiometric indium tin oxide. 

Example 

Photonics and Optics 

Stoichiometric ITO (yellow, 30 nm mean grain size) was produced via the method of commonly 
assigned U.S. Pat, No. 5,788,738 by feeding ITO in air. Non-stoichiometric ITO (bluish black, 
30 nm mean grain size) was produced using the method of commonly assigned U.S. Pat. No. 
5,788,738 by feeding ITO in forming gas (5% hydrogen-95% argon). The nanopowders were 
dispersed in water and the UV V is Vis absorption spectra were obtaine d as shown in FIG. 1.^ 

It was observed that non-stoichiometry more than doubles the absorption of infrared 
wavelengths. This experiment suggests that the change in stoichiometry can be used to engineer 
and obtain unusual optical properties of a material. 

Example 421 
Electrical Devices 

Titanium oxide nanopowders (white, 25 nm mean grain size) were heated in ammonia for 12 
hours at 600.degree. C. The nanopowders converted to a deep blue-black color corresponding to 
non-stoichiometric nanopowder form (28 nm mean grain size). The electrical conductivity of the 
non-stoichiometric nanopowders was found to be more than ten orders of magnitude higher 
(resistivity of 1.5.times.l0.sup.-2 ohm-cm) than the white titanium oxide nanopowders (greater 
than lO.sup.8 ohm-cm, which is effectively insulating). Electron microscopy on the blue-black 
powders revealed that the nanopowders were an oxynitride of titanium (TiON.sub.x). It is also of 
interest to note that commercially available micrometer-sized TiN powders exhibit a resistivity 
of about 1.5 ohm-cm, about two orders of magnitude higher than the non-stoichiometric 
nanopowder. Thus non-stoichiometry offers unusual non-linear properties. This example 
suggests the utility of non-stoichiometry and nanostructure to engineer dramatic changes in 
electrical properties. 

Example #22 
Magnetic Products 
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Nanoscale ferrite powders can be heated in ammonia or hydrogen or borane or methane to form 
non-stoichiometric ferrite. The powders can then be transformed into a form for incorporation 
into a device by techniques such as extrusion, tape casting, screen printing or any other methods 
or combination thereof. 

As an illustration, three toroids composed of a nickel zinc ferrite material were sintered at 
900.degree. C. for 2 hours to obtain near-theoretical densities. Upon cooling, the toroids were 
wound with ten turns of 26 gauge enamel-coated copper wire. Magnetic properties, including 
impedance, resistance, and serial inductance, were tested from 10 Hz to 1 MHz with a Quadtech 
7600 LCR meter and from 1 MHz to 1 .8 GHz with a Hewlett-Packard Model 4291 A Analyzer. 
In each case, measurement consisted of making a secure contact with the stripped ends of the 
windings on the sample toroids and performing a frequency sweep. Once tested, the three sample 
toroids were unwound and heated in a reducing atmosphere. Samples were ramped from room 
temperature to SOO.degree. C, held for one hour, then allowed to cool During this cycle, a 
stream of 5% H— 95% Ar flowed continuously over the samples. Upon recovery from the 
fiimace, a noticeable change in sample color was observed. Previously a dark gray, the "reduced" 
ferrite toroids now had a lighter gray, mottled appearance. The reduced ferrite toroids were 
rewound with ten turns of the same wire and their magnetic properties were re-evaluated. The 
observed results indicated a surprising change in properties in the non-stoichiometric samples: 
for a reference frequency of 1 MHz, the resistance increased by 732%, the inductance changed 
by 12.8%, and the impedance reduced by 1 1.4%. That dramatic changes in resistance were 
observed and that the overall impedance of the devices remained largely unaffected by the non- 
stoichiometry implies that non-stoichiometry leads to a corresponding dramatic decrease in 
inductive reactance. In other words, non-stoichiometric ferrite cores exhibit higher magnetic loss. 
FIG. 2 shows th e Actual results show unusual change in resistance as a fiinction of frequency, 
suggesting that the non-stoichiometry is changing the fundamental performance of the materials. 

Yet another method of producing a magnetic device is as follows: 900 mg of manganese ferrite 
non-stoichiometric nanopowder and 800 mg of nickel zinc ferrite nanopowder are pressed at 
90,000 psi in a quarter inch die. For all powders, 5 wt % Duramax.RTM. binder is added prior to 
pressing for improved sinterability. Pellets composed of nanopowders are sintered at 820.degree. 
C. for 4 hours in a kihi with a 5. degree. C./min ramping rate. Micrometer-sized reference pellets 
require sintering temperatures of 1200.degree. C. or more for 4 hours, everything else remaining 
the same. After sintering, all pellet diameters are 0.6 cm, and pellet heights are about 1 cm. Each 
pellet is wound with 20 turns of 36 gauge enamel coated electrical wire. The final wound pellets 
are wrapped with Teflon tape to ensure that the windings stayed in place. These inductor samples 
can be characterized with an impedance lmpedance/ Gain-phase Analyzer. The performance can 
be optimized by varying variables such as the aspect ratio, number of turns, composition, and 
grain size. 

Example €23 

Resistors and Resistor Arrays 
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Resistors are a mature technology and have served various industries for almost a century. They 
are produced in various forms and from various substances. Wire wound resistors are one of the 
oldest technologies used in the resistor market. The resistor is made by winding wire onto a 
ceramic bobbin or former. The wire materials are often alloys, and the diameter and length of the 
wire determine the resistivity. Metal foil resistors are prepared from metal foil that sometimes is 
less than one micrometer thick. The foil is stuck on a flat ceramic substrate and the resistance 
value engineered by precision etching a meandering pattern. These resistors are high value added 
and exhibit very low temperature coefficients of resistance. Film resistors are prepared by vapor 
deposition, anodization, or plating of metal or cermet or carbon film on a substrate, followed, if 
needed, by spiral cutting with a diamond wheel. Metal oxide resistors are prepared by depositing 
oxide vapor. Carbon film resistors are obtained by pyrolysis of hydrocarbon on ceramic 
substrates. Once again, spiraling is commonly used to achieve the desired resistance value. Some 
resistors are prepared from coating resistor inks consisting of a glass, metal particle dispersion in 
a viscous organic binder. The coating is stabilized by firing at temperatures around 600.degree. 
C. The final resistance value is obtained by spiraling. These techniques are used for preparing 
discrete resistor chips, networks, or hybrid circuit systems. Desired resistance can be fine tuned 
by air abrasion. Conducting plastic resistors are similar to metal film oxide resistors. They differ 
in the fact that organic binder is here replaced with a plastic and that the dispersant is often 
carbon. Sintered structure resistors are prepared by sintering SiC or CrO with suitable dopants. 
These resistors are often used as thermistors, not as fixed linear resistors. 

The presently claimed invention can be utilized in various embodiments for these devices. The 
composition of existing finished resistors can be transformed into non-stoichiometric forms a 
variety of techniques, such as heat treating (400.degree. to 2000.degree. C.) the device in a 
reducing, oxidizing, nitriding, boronizing, carburizing, or halogenating atmosphere, or a 
combination of these, over a period of time ranging from a ifew seconds to hours, shorter times 
being preferred. Alternatively, existing processes to manufacture these devices may be suitably 
modified at an intermediate stage with one or more different processing steps to yield a non- 
stoichiometric form. Another embodiment of this invention is to produce nanopowders of a non- 
stoichiometric substance and to then substitute the substance into existing processes and process 
it just as one would a stoichiometric substance. 

For example, 65 m.sup.2 /gm SiC.sub.0.8 nanopowders were produced and sonicated in 
polyvinyl alcohol. The resulting dispersion was then screen printed on alumina substrate. After 
printing, the elements were fired at approximately 300.degree. C, for a half hour. The resistance 
of the resulting device was less than 1 megaohm. Addition of platinum and silver dopants 
reduced the resistance fiirther. Both p-type and n-type behavior was observed depending on the 
dopant. 

Arrays are produced by printing multiple elements. The motivation for printing arrays is to 
reduce the overall product size and to reduce the cost of placing muhiple elements. 

Example ^24 

Sensor Devices 
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Sensors are components which sense the component's environment or changes in the 
component's environment. The environment may include a state of mass, energy, momentum, 
charge, radiation, field, electrochemistry, biological form, or a combination of one or more of 
these. This example discusses how the teachings in the presently claimed invention can be 
utilized to design and practice better performing sensors, including chemical sensors. While the 
teachings here describe a single layer thick film, they apply to thing film and multilayer 
architectures as well. 

In a chemical sensor, each crystallite of the sensing material has an electron-depleted surface 
layer (the so-called space charge layer) having a thickness "L" around it. This length is 
determined by the Debye length and the chemisorbed species, and can be approximated by the 
following expression: ##EQU34## 

where, 

L.sub.D : intrinsic value of space charge thickness 

eV.sub.s : height of Schottky barrier at grain boundaries (depends on the sort and amount of 
adsorbates) 

k: Boltzmann's constant 
T: temperature 

If the crystallite size "D" is greater than twice the space charge layer thickness "L," which is 
always true for sensors based on existing micrometer-size grained stoichiometric materials, the 
electrical resistance of the sensor device is determined by the electron transport across each grain 
boundary, not by the bulk resistance. The resistance in this regime can be expressed as: 
##EQU*1## 

where R.sub.Oa : bulk.resistance. 

The generally accepted definition of device sensitivity of a device is given by (or is a simple 
variation of): ##EQU4^## 

where, 

R.sub.a : resistance of device in air 

R.sub.g : resistance of device in air containing an analyte. 

Because *'e_V.sub.s " is independent of "D" until "D" is greater than twice the space charge layer 
thickness "L," it is no surprise that the observed sensitivity of the sensor device is independent of 
crystallite size in this regime. The above arguments lead to the natural question: what happens 
when D<2L? In this nanoscale regime; the device resistance is no longer just grain boundary 
controlled; instead, the bulk resistance of each grain becomes important. Since, "e_V.sub.s " is 
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dependent on the adsorbate type and amount, this change in phenomenological regime provides 
an unprecedented way to engineer extremely sensitive sensors. In effect, one can engineer the 
crystallite size and the non-stoichiometry such that R.sub.g becomes bulk grain controlled (i.e., 
very high), while R.sub.a remains grain boundary controlled (i.e., low). This changes "e_V.sub.s 
" significantly, and since the sensitivity "S" depends exponentially on "e_V.sub.S7 " this can 
dramatically enhance the sensitivity of the sensor device. Enhanced sensitivity has been long 
sought in the sensor industry. 

The benefits of nanostructured non-stoichiometric fillers may be exploited in monolithic or 
composite form. A composite, loosely defined, is a combination of two or more dissimilar 
materials, or phases, combined in such a way that each material maintains its individual 
character. The properties of the composite depend greatly on the arrangement of the individual 
phases present. In completely homogeneous composites, the properties tend to be a combination 
of the properties of the distinct phases present, a combination that is often unobtainable with 
metals, ceramics, or polymers alone. This makes composites unique and very appealing for 
applications which require a demanding and conflicting matrix of design needs. Sensors are one 
such application where conventional materials in monolithic form often excel in meeting some 
design goals, but fail to meet others. Composites of nanoscale non-stoichiometric substances can 
potentially provide the breakthrough where all the needs are simultaneously met. This 
embodiment is particularly useful when the selectivity of the sensor needs improvement. 

Sensors (and sensor arrays) can prepared by numerous methods and the benefits of nanoscale 
non-stoichiometric substances can be practiced with any of these methods. In one embodiment, 
sensing films were prepared by brushing on a slurry containing nanoscale non-stoichiometric 
powders (and polymer, if appropriate) onto a screen-printed electrode on a substrate. The sensor 
electrodes were prepared using a Presco Model 465 Semi-Automatic Screen Printer. This 
equipment facilitated automatic printing, with the exception of loading and unloading the 
substrate. The screen used was from Utz Engineering, Inc. The screen was made from stainless 
steel mesh and had a frame size of 8, times. 10 inches, a mesh count of 400, a wire diameter of 
0.0007 inches, a bias of 45 degrees, and a polymeric emulsion of 0.0002 inches. The gold 
electrodes were screen printed on a 96% alumina substrate and then fired in air at 850. degree. C. 
for a peak time of 12 minutes. Dopant polymers were dissolved in an appropriate solvent. Once 
the polymer was dissolved, non-stoichiometric nanopowders were added to the solution and 
sonicated for 20 minutes. The slurry was then deposited onto an electrode using a small paint 
brush. Once deposited, the elements were allowed to dry in air at lOO.degree. C. for 30 minutes 
to remove the solvent. 

In an alternate embodiment, a screen printable paste was first prepared. The paste was again 
prepared from nanopowder and polymer. The nanopowder, polymer, and catalyst (when 
included) were weighed out and mixed together in a mortar and pestle. Next, screen printing 
vehicle was weighed out and transferred to the mortar and pestle where the two phases were 
mixed together. Finally, this paste was placed on a three roll mill and milled for five minutes. 
The three roll mill allowed for high shear mixing to thoroughly mix the paste and to break up 
agglomerates in the starting nanopowder. After the paste was prepared it is screen printed on to 
the prepared electrodes, allowed to level, and then dried at lOO.degree. C. This embodiment 
illustrates a method for preparing single elements and arrays of sensors. 
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Next, the sensing elements were screened, tested, and optimized for sensitivity, selectivity, and 
response time, as described below. 

The sensitivity is calculated from the change in resistance of the sensor when exposed to a 
background and when exposed a vapor analyte species in background and determines the 
threshold exposure levels. A simple variation of the above equation describing sensitivity is: 
##EQU#2## 

where: 

R.sub.a =sensor resistance in background 

R.sub.s =sensor resistance when exposed to analyte vapor. 

The selectivity is a comparison of either the sensitivity of an individual sensor to two different 
analytes or of two sensors to the same analyte. ##EQU6S## 

The response time is the time it takes for the sensor to detect a change in the surrounding 
environment, defined as the time required for the sensor to reach 90% of its peak resistance 
(R.sub.s). 

With non-stoichiometric nanoscale powders, low temperature sensing elements with sensitivity S 
greater than 1.5, selectivity greater than 1,1, and response times less than 10 minutes can be 
obtained for wide range of gaseous and liquid analytes. With optimization, selectivity greater 
than 2, sensitivity greater than 1.5, and response time less than 1 minute can be obtained at 
ambient conditions. 

Some specific examples of analytes that can be sensed using the teachings herein, include, but 
are not limited to: carbon oxides (CO, CO.sub.2), nitrogen oxides (NO.sub.x), ammonia, 
hydrogen sulfide, borane, hydrogen, hydrazine, acidic vapors, alkaline vapors, ozone, oxygen, 
silane, silicon compounds, halogenated compounds, hydrocarbons, organic compounds, 
metallorganic compounds, metal vapors, and volatile inorganics. 

Example 

Biomedical Products 

Mechanical alloying can be used to prepare nanocrystalline non-stoichiometric alloys. The feed 
powder Ti— 4.9Ta— 1 INb— 15,2Zr is loaded in non-stoichiometric proportions into a cylindrical 
hardened steel vial with hardened steel mill balls. The ball-to-powder ratio is preferably high 
(5:1). The loading process is preferably done within an argon atmosphere glove box. The 
environment inside is maintained at an oxygen concentration of < 100 PPM and moisture content 
of <3,0 PPM. The mill itself is set up outside of the glove box and the vial and mill housing 
cooled using forced air convection. After milling, the vial is transferred back to the glove box 
where the non-stoichiometric powder is collected and submitted for analysis or further 
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processing. To prepare an orthopedic implant, the synthesized powders are uniaxially pressed. 
Poly(ethylene glycol) (PEG) may be used as a binder for compaction of the powders. PEG is 
added to the powders by preparing a 1 weight percent solution in ethanol and wet mixing the 
solution with the alloyed powders. The homogeneous mixture is air dried at room temperature. A 
press can be used to compact the powders in a die. A uniaxial 1 1,250 lb. force is applied 
(resulting in 225,000 psi of pressure) which is appropriate for implant specimens. 

One advantage of non-stoichiometric nanoscale powders is the potential use of non-toxic 
elements in orthopedic and other biomedical implants. In general, biomedical implants are 
engineered to control properties such as strength, toughness, modulus, corrosion resistance, 
biocompatibility, porosity, surface roughness, and wear resistance. The materials described in the 
previous paragraph can be optimized to match the modulus of bone, a desirable characteristic of 
materials for some joint replacement applications. In other embodiments, nanopowders can be 
utilized for drug delivery and as markers for diagnosis. Nanopowders can also be utilized for 
enhancing the solubility of drugs in organic and inorganic solvents. In yet other embodiments, 
the teachings can be applied to various products where inorganic and organic powders are 
currently being utilized, as known to those skilled in the art. 

Example 926 

Electronic Components 

Electronic components, for example, disc and multilayer capacitors, inductors, resistors, filters, 
antennas, piezo devices, LED, sensors, cormectors, varistors, thermistors, transformers, current 
converters, shields, or arrays of such components in conventional mount or surface mount form, 
can be prepared using the teachings herein. As an example, to prepare varistors from nanoscale 
non-stoichiometric materials, a paste of the powders was prepared by mixing the powder and 
screen printing vehicle with a glass stir rod. Exemplary compositions include ZnO.sub.l-x, 
Bi.sub.2/3 O, and other oxides. Silver-palladium was used as the conducting electrode material. 
A screen with a rectangular array pattern was used to print the paste on an alumina substrate. The 
process consists of screen printing the electrode and rapidly drying the film on a heated plate. 
The process was attended and precautions taken to prevent electrically shorting the device. The 
final electrode was applied in the same manner as the first. The effective non-stoichiometric 
nanostructured-fiUer based composite area in the device due to the offset of the electrodes was 
small (0.2315 cm.sup.2). However, this offset may be increased or further decreased to suit the 
needs of the application. The thick green films were co-fired at 900.degree. C. for 60 minutes. 

Such a device offers a means to control surge voltages. An accurate determination of device non- 
linearity, .alpha.a , can be obtained using the empirical varistor power law equation: 

where: I=current. 

n=the varistor power coefficient. 

V=voltage. 
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The value of .alpha.a obtained for the nanostructured non-stoichiometric device is anticipated to 
be 10 fold higher than that achievable with micrometer-sized stoichiometric fillers. It is also 
expected that the resistance of the boundaries would be lower, enabling clamping capability of 
lower voltages and higher frequencies. Other components that can specifically benefit from the 
high surface area of nanostructured non-stoichiometric materials include but are not limited to 
positive temperature coefficient resistors and barrier layer capacitors. 

Example +021 
Electrochemical Products 

Electrochemical products, for example, batteries, electrolytic cells, corrosion inhibitors, 
electrodes in metallurgical applications and other industries, pH sensors, and electrochemical 
sensors, can benefit from the use of non-stoichiometric nanopowders. The most distinctive 
feature of these non-stoichiometric nanopowder materials is their unique thermodynamic state 
and the large number of atoms situated in the interfaces. A 10 nm nanocrystalline metal particle 
contains typically 10.sup.25 atoms which are situated on or near the interface per cubic meter of 
material; thus, 30% of total atoms in the material are situated in the interfaces or on the surface 
and exhibit non-bulk properties. Such a unique ultra-fine structure of nanopowders, when applied 
to electrochemical products, can lead to a drastic improvement of their performance. The ultra- 
fine (nanometer scale) microstructure of nanostructured hydrogen storage materials, to illustrate, 
will not only enhance the thermodynamics and kinetics of hydriding and dehydriding processes, 
but also improve their structure stability, and thus reliability and life time. 

Particularly, nanostructured materials offer the following motivation for their utilization: 

(i) Drastic Increase of Species Solubility or Capacity 

The ultra-fine grain size of nanostructured materials gives an excess Gibbs firee energy to the 
system compared to the conventional large grained (micrometer size) hydrides. This will 
significantly enhance the solubility of solute atoms, including hydrogen, because: MEQU^SM 

where: 

C.sub.d and C. sub. .quadrature. =solubilities of a solute in the material with average grain size d 
and infinite grain size, respectively; 

R=gas constant; 

T=temperature; 

V=the molar volume of the solute; 

k=Boltzmann's constant; 

.sigma.=the surface energy of the grain. 
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Thus, theoretically, a 10 nm grained hydride is expected to have a hydrogen solubility 1000 
times higher than a 10 .mu,m grained hydride with the same chemical composition. The use of 
non-stoichiometric nanoscale powders offers to further enhance the thermodynamic and/or 
kinetic potential of the system. Other advantages of non-stoichiometric formulations, for 
example, faster and more economical processing conditions, still apply. 

(ii) Significant Enhancement of Hydrogen Diffiisivity 

The large volume fraction of interface in nanostructured materials will result in grain boundary 
diffusion dominating the overall diffusion in the materials. The overall or effective diffusivity of 
solute atoms in the material is given by: 

where: ©eD.sup.eff =the effective or overall diffusion coefficient; 
D.sub.gb =the diffusion coefficient in grain boundaries; 
D.sub.lt =the diffusion coefficient within grains. 
f=the fi'action of solute atoms on the grain boundaries. 

Since D.sub.gb normally is lO.sup.4 times higher than D.sub.lt, or D.sub.gb »D.sub.lt, and 
more than 30% of atoms are situated in the grain boundaries, the above equation can be rewritten 
as 

The solute diffusion coefficient in nanostructured materials, therefore, is expected to be 1000 to 
10,000 times higher than in conventional micro-grained materials. 

(iii) Reduction of Temperature and Pressure for Hydride Formation and Dissociation 

The excess free Gibbs energy due to the ultra-fine structure of nanomaterials will also lead to 
significant change in phase transformation temperatures such as the hydride formation 
temperature. The phase transformation temperature change _T due to the ultrafine structure is 
related to the grain size d by: ##EQU»lfi## 

where: 

.sigma..sub.477l^sigma..sub.2 =specific surface energies of phase 1 and phase 2, respectively; 
L=the heat of transformation from phase 1 to phase 2; 
T.sub.c =the phase transformation for the bulk material; 
k=Boltzmann's constant. 
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Thus, the phase transformation temperature is expected to change as the grain size decreases. 
Because the hydrogen dissociation pressure decreases as the dissociation temperature decreases, 
the ultra-fine microstructure of nanostructured materials in general, and non-stoichiometric 
nanomaterials in particular, is preferable design guideline to a lower hydrogen dissociation 
pressure. This is very desirable in hydrogen storage technologies. This basic guideline for 
practice applies even to other electrochemical couples and systems such as batteries and 
electrodes. The benefits of lower phase transformation temperature have utility beyond 
electrochemical products and apply to thermal (e.g. heat transfer fluids) and other applications as 
well. 

(iv) Higher Resistance to Pulverization During Hydriding/Dehydriding Processes 

High strength is essential to pulverization resistance due to large lattice expansion and 
contraction during hydriding/dehydriding processes. The ultrafine grain size of nanostructured 
hydrides offers a drastic improvement in their structure stability. This can be inferred from the 
yield strength of a material which is related to its grain size d by the Hall-Petch relationship: 
##EQU91i## 

Fracture toughness, K.sub.lC, is related to grain size by: 
where: 

.sigma..sub.y =the yield strength; 

.sigma..sub,o =the frictional stress needed to move the dislocation; 

k.sub.y =a constant; 

a.sub.c =the critical crack length. 

This indicates that as the grain size decreases from 10 .mu.m to 10 nm, both the strength and 
fracture toughness are expected to increase by a factor of 30, which in turn leads to a higher 
resistance to pulverization. Thus, electrochemical products in particular, and other products in 
general, can benefit fi-om superior performance of nanostructured materials. 

Some specific examples for the use of non-stoichiometric nanomaterials in electrochemical 
products would be rare-earth doped or undoped Mg.sub. 1 .8 Ni, Ni-ZrNi.sub. 1 .6, La.sub.0.9 
Ni.sub.5, and other existing compositions with non-stoichiometry as explained previously. 

Example 4428 

Energy and Ion Conducting Devices 

Stoichiometric nanoscale 9 mole % yttria-stabilized cubic zircomia zirconia powders (Y.sub.18 
Zr.sub.91 O.sub.209) are first reduced at moderate temperatures (SOO.degree, to 1200.degree. C.) 
in a forming, or reactive, gas to yield non-stoichiometric Y.sub.18 Zr.sub.91 0.sub.l85 
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nanopowders. These powders are pressed into 3 mm diameter discs and then sintered to high 
densities. The disks should be preferably sintered at low temperatures (preferably 
800.Quadrature. 800 to 1200.degree. C.) for short times (preferably 6 to 24 hours) to minimize 
grain growth. These nanopowders, as discussed before, can be readily sintered to full theoretical 
densities (99% or more). Careful control and optimization of the sintering profile and time can 
reduce the sintering temperature and time further. The two ends of the cylindrical discs so 
produced are then coated with a cermet paste consisting of a mix of silver and nanoscale 
stoichiometric yttria stabilized zirconia powder (a 50—50 wt % mix). Non-stoichiometric 
nanoscale powders can be utilized in the electrode as well. Platinum leads are then attached to 
the cermet layer. This device can serve as an oxygen-conducting electrolyte with significantly 
higher oxygen ion conductivity at lower temperatures than conventional electrolytes. Exemplary 
devices include but are not limited to oxygen sensors, oxygen pumps, or fuel cells. In this 
example, the degree of non-stoichiometry is arbitrarily chosen, and further optimization can be 
beneficial to the economics and performance. 

The benefits of this invention can be utilized even when the yttria in the zirconia formulation is 
replaced with other stabilizers such as scandium oxide, calcium oxide, and other oxides. 
Similarly, other Group IV oxides (e.g. ceria) and perovskites can be used instead of zirconia. 
Other ion conductors, for example, beta alumina and NASICONs for sodium ion, lithium nitride 
and LISICONs for lithium ions, silver iodide for silver ions, Rb,sub.4 Cu.sub.l6 I.sub.7 
Cl.sub.l3 for copper ions, polymers such as nafion and perovskites for hydrogen protons, can all 
benefit from the use of non-stoichiometry in the ion conducting electrolytes and/or electrodes. 

Example 4522 

Dopants in Formulations and Inks 

Often, it is necessary to add secondary phase particles to a primary powder element to achieve a 
desired property, such as temperature coefficient of the dielectric constant. For example, 
commercial capacitor formulations of the Electronic Industry of America (EIA) X7R designation 
contain additions of dopants (e.g. tantalum oxide, niobium oxide, nickel oxide, bismuth oxide, 
silicates, titanates, and manganese oxide) which are added to the base barium titanate powder to 
tailor the temperature-capacitance or other characteristics of the material. The secondary phase 
particle additions are also often used to facilitate low temperature sintering. These materials 
include, but are not limited to, bismuth oxide, copper oxide, titanium oxide, silicon oxide, and 
vanadium oxide. 

In these powder mixtures, it is usually desirable to achieve a uniform mixture of the primary 
phase particles and the secondary phase particles. This can be difficult if the volume fraction of 
the secondary particles is small and if the size of the secondary particles is large in relation to 
that of the primary particles. The problem is that the number fraction of the secondary particle 
phase is small in relation to that of the primary particle phase; thus, the relative distances 
between the secondary phase particles can be rather large. This can translate to a non-uniform 
distribution of the secondary phase particle species throughout the powder element and also in 
the microstructure of the final product. 
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Nanocrystalline powders in general and non-stoichiometric powders in particular produced by 
any technique can reduce the size of the secondary particles relative to primary particles and in 
turn, increase the number fraction of the secondary particles in the powder element. This will 
translate to a uniform mixedness in the powder element and in the product's microstructure. 

To illustrate, 80 nm (preferably 40 nm, more preferably 10 nm) Ta.sub.2/3 O.sub.0.9, Nb.sub.2/5 
O.sub.0.74, NiO.sub.0.98, Mn.sub.1/2 O.sub.0.9, Bi.sub.2/3 O.sub.0.45, Cu.sub.1.9 O, 
TiO.sub.1.1, SiO.sub.1.55, and V.sub.2/5 O.sub.0.975 are examples of non-stoichiometric 
nanopowders that can be used as dopants in device formulations and inks. 

Other embodiments of the invention will be apparent to those skilled in the art from a 
consideration of the specification or practice of the invention disclosed herein. It is intended that 
the specification and examples be considered as exemplary only, with the true scope and spirit of 
the invention being indicated by the following claims. 

EXHIBIT A 

ISSUED PATENTS 

ATTORNEY APPLICA FILING PATENT ISSUE MATTER NO. TION NO. DATE NO. 
DATE 2000928 0001 08/706,819 9/3/96 5,851,507 12/22/98 2000928 0091 08/707,311 9/3/96 
5,7 88 ,73 8 8 /1/98 2000928 0002 0 8 /730,661 10/11/96 5,952,010 9/11/99 200092 8 0003 
08/739,257 10/30/96 5,905,000 5/18/99 10170 830002.000 09/016.165 3/23/98 5,981,997 
1 1/16/99 10170.830001.001 09/071,531 5/7/98 6,202,171 3/20/01 80711.0002 09/165,139 
10/2/98 6,211,195 1/10/01 

EXHIBIT B 

PENDmG APPLICATIONS 

ATTOR>JEY MATTER APPLICATION NO. NO. FILING DATE 8 07 1 1 .0005 09/021,837 
2/17/98 2000928 0021 DIV (A3) 09/099,581 6/18/98 80711.0008 09/0 8 3,893 5/22/9 8 
10170.83000 8 .000 (0018) 09/103,203 6/23/9 8 2000928.0021 09/153,118 9/15/98 9000928 0025 
DIV (A1) 09/250,792 2/17/99 20009280 0026. CON (A1) 09/251,313 2/19/99 2000928 002 8 
09/271,517 5/20/99 80711.0002.001 09/286,698 1/6/99 807 1 1.0015 09/638,977 8/15/00 
80711.0016 09/730,053 12/5/00 80711.0006.001 09/753,806 1/3/Ql 8071 1.0009.750 Not yot 
■ assigned 8 /20/99 8071 1.0009.620 Not yot aggignod 8/20/99 8071 1 .0009.010 Not yot ossignod 
8/20/99 8071 1.0009.500 2001 7003309 8 /20/99 8 07 1 1.0009.020 PA/a/200 1/002226 8/20/99 
80711.0009.190 570127/2000 8/20/99 8 0711.0009.970 PCT/US99/19379 8/20/99 
8 0711.0009.960 99969081.1 8/20/99 
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